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ABSTRACT 
The development of a simple method of coating a semi-permanent phospholipid layer 
onto a capillary for electrochromatography use was the focus of this study. The work 
involved finding good coating conditions, stabilizing the phospholipid coating, and 
examining the effect of adding divalent cations, cetyltrimethylammonium bromide, and 
polyethylene glycol (PEG)-lipids on the stability of the coating. Since a further purpose 
was to move toward more biological membrane coatings, the capillaries were also 
coated with cholesterol-containing liposomes and liposomes of red blood cell ghost 
lipids. 
 
Liposomes were prepared by extrusion, and large unilamellar vesicles with a diameter 
of about 100 nm were obtained. Zwitterionic phosphatidylcholine (PC) was used as a 
basic component, mainly 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) but 
also eggPC and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). Different 
amounts of sphingomyelin, bovine brain phosphatidylserine, and cholesterol were added 
to the PC. The stability of the coating in 40 mM N-(2-hydroxyethyl)piperazine-N’-(2-
ethanesulfonic acid) (HEPES) solution at pH 7.4 was studied by measuring the 
electroosmotic flow and by separating neutral steroids, basic proteins, and low-molar-
mass drugs.  
 
The presence of PC in the coating solution was found to be essential to achieving a 
coating. The stability of the coating was improved by the addition of negative 
phosphatidylserine, cholesterol, divalent cations, or PEGylated lipids, and by working 
in the gel-state region of the phospholipid. Study of the effect on the PC coating of 
divalent metal ions calcium, magnesium, and zinc showed a molar ratio of 1:3 PC/Ca2+ 
or PC/Mg2+ to give increased rigidity to the membrane and the best coating stability. 
 
The PEGylated lipids used in the study were sterically stabilized commercial lipids with 
covalently attached PEG chains. The vesicle size generally decreased when PEGylated 
lipids of higher molar mass were present in the vesicle. The predominance of discoidal 
micelles over liposomes increased PEG chain length and the average size of the vesicles 
thus decreased. In the capillary electrophoresis (CE) measurements a highly stable 
electroosmotic flow was achieved with 20% PEGylated lipid in the POPC coating 
dispersion, the best results being obtained for disteroyl PEG (3000) conjugates. The 
results suggest that smaller particles (discoidal micelles) result in tighter packing and 
better shielding of silanol groups on the silica wall. 
 
The effect of temperature on the coating stability was investigated by using DPPC 
liposomes at temperatures above (45 °C) and below (25 °C) the main phase transition 
temperature. Better results were obtained with DPPC in the more rigid gel state than in 
the fluid state: the electroosmotic flow was heavily suppressed and the PC coating was 
stabilized. Also dispersions of DPPC with 0−30 mol% of cholesterol and sphingomyelin 
in different ratios, which more closely resemble natural membranes, resulted in stable 
coatings. Finally, the CE measurements revealed that a stable coating is formed when 
capillaries are coated with liposomes of red blood cell ghost lipids. 
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ABBREVIATIONS 
AFM  Atomic force microscopy 
AsFlFFF Asymmetrical flow field-flow fractionation 
BGE   Background electrolyte 
CE  Capillary electrophoresis 
CEC   Capillary electrochromatography 
chol  Cholesterol 
CTAB  Cetyltrimethylammonium bromide 
DLS  Dynamic light scattering 
DMPE-PEG 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)] 
DMPG  1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol 
DMSO  Dimethylsulfoxide 
DOPC  1,2-Dioleyl-sn-glycero-3-phosphocholine 
DPPC  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine 
DSC  Differential scanning calorimetry  
DSPE-PEG 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)] 
eggPC  Egg phosphatidylcholine 
EOF  Electroosmotic flow 
FITC  Fluorescein isothiocyanate 
HEPES N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) 
HSDSC High-sensitivity differential scanning calorimetry 
HV  High voltage 
ID  Inner diameter 
LEKC   Liposome electrokinetic chromatography 
LUV  Large unilamellar vesicles 
MeOH  Methanol 
MLV  Multilamellar vesicles  
OD  Outer diameter 
PC  Phosphatidylcholine 
PE  Phosphatidylethanolamine 
PEG  Polyethylene glycol 
POPC   1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
PS   Phosphatidylserine, 1,2-Diacyl-sn-glycero-3-phospho-L-serine 
QCM  Quartz crystal microbalance 
RBC   Red blood cell  
RSD  Relative standard deviation 
SM  Sphingomyelin, Ceramide-1-phosphocholine 
SPB   Supported phospholipid bilayer 
SVL  Supported vesicle layer  
UV  Ultraviolet 
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SYMBOLS 
Cp  Heat capacity [kJmol-1°C-1] 
Ldet  Capillary length to the detector [m] 
Ltot  Total length of the capillary [m] 
n  Number of runs 
N  Plate number 
pI  Isoelectric point 
T  Temperature [°C] 
Tm   Main phase transition temperature [°C] 
tm  Migration time [s] 
U  Separation voltage [V] 
wh   Peak width at half height [s] 
µeo  Electroosmotic mobility [m2V-1s-1] 
µep  Electrophoretic mobility [m2V-1s-1] 
µtot  Total electrophoretic mobility [m2V-1s-1] 
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1 INTRODUCTION AND AIMS 
Capillary electrophoresis (CE) is an analytical separation technique in which analytes 
are separated in a liquid-filled capillary while voltage is applied. The analytes have a 
specific electrophoretic mobility in the electric field and, after being separated 
according to charge and size, are detected at the end of the capillary, usually by 
ultraviolet (UV) absorption. There are several sub-techniques in CE, such as capillary 
zone electrophoresis (CZE), capillary electrochromatography (CEC), and electrokinetic 
chromatography (EKC). In CZE proper, only charged analytes can be separated. In CEC 
and EKC, retention results from a combination of electrophoretic migration and a 
chromatographic distribution mechanism. CEC employs a packed or wall-coated 
capillary, whereas EKC employs a pseudo-stationary phase. 
 
The focus of this study was a CEC method utilizing a semi-permanent phospholipid 
coating. A phospholipid-coated capillary was preferred to liposomes free in the BGE 
because phospholipids are of relatively high cost, and the amount needed to coat a 
capillary is much smaller than the amount needed for the pseudo-stationary phase. With 
the phospholipids attached to the capillary wall, it is also possible to connect the 
capillary to a mass spectrometer for the detection. The goal of this work was to develop 
a simple coating method and to test different phospholipid compositions and additives 
with a view to obtaining good stability of the coating. A further objective was to move 
toward more natural membrane coatings. 
 
First, the preconditioning and coating method was optimized (paper I). Then the effect 
of divalent cations on the phospholipid coating stability and rigidity was investigated, 
and model basic proteins were separated on the coatings (paper II). The phospholipid 
coating shields the free silanols and allows separation of basic proteins, which would 
otherwise strongly interact with the silica wall. In the case of neutral steroids, the 
phospholipid coating also acts as a chromatographic phase. Model steroids were 
separated on phosphatidylcholine (PC) coatings (paper I) as well as on cholesterol-
containing and human red blood cell ghost lipid coatings (paper IV).  The influence of 
cetyltrimethylammonium bromide (CTAB) and Ca2+-ions on PC coatings was 
investigated (paper III). In addition, the effect of temperature on the phospholipid phase 
was studied by CE (papers II-III) and by high sensitivity differential scanning 
calorimetry (HSDSC) (paper III). 
 
In the final phase of the work (paper V), the aim was to determine the properties (size, 
surface charge, and hydrophobicity) of different polyethylene glycol (PEG)-lipid 
aggregates. The sizes of the vesicles were determined by light scattering, electron 
microscopy (EM), and asymmetrical flow field-flow fractionation (AsFlFFF), and the 
surface charges were measured by electrophoresis with a zetasizer. The packing of the 
PEGylated lipid aggregates on silica was studied by atomic force microscopy (AFM), 
EM, and CEC and with a quartz crystal microbalance (QCM). Separations of low-
molar-mass analytes were studied to evaluate the shielding effect of the PEG-lipids 
against lipid−analyte interactions  
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Chapters 2−4 below provide an introduction to phospholipids, CE, and the use of 
phospholipids in CEC.  Chapter 5 gives the experimental details. The results are 
presented and discussed in chapter 6, and chapter 7 summarizes the results and offers 
conclusions. 
 
 
Research aims: 
The main goal was to develop a stable phospholipid coating for CE that could be used 
for the study of analyte−membrane interactions. The ultimate aim was to move toward 
membranes that are more natural. 
 
Specifically, the research aims were 
• to develop and optimize a method for coating phospholipids on CE capillaries 
(I) 
• to improve the stability of the phospholipid coating through the addition of 
divalent cations (II) 
• to improve the stability of the phospholipid coating through the addition of 
CTAB (III) 
• to improve the stability of the phospholipid coating through the addition of 
PEGylated lipids and to study the characteristics of the coating (V) 
• to examine the gel−fluid phase transition of the phospholipid membrane and its 
effect on the coating stability (IV) 
• to move toward natural membrane coatings by using RBC ghost lipids in coating 
solutions (IV) 
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2 PHOSPHOLIPIDS 
Phospholipids are the most widely present natural membrane lipids. The phospholipids 
are amphiphilic molecules with hydrophobic and hydrophilic domains. The head of a 
phospholipid is hydrophilic (attracted to water), while the hydrocarbon tails are 
hydrophobic. Phospholipids are of two types, glycerophospholipids and 
sphingophospholipids, which are derivatives of glycerol and sphingosine, respectively. 
The most common glycerophospholipid is zwitterionic phosphatidylcholine (PC), which 
can be considered to constitute the backbone of all cellular membranes. Figure 1 shows 
the structures of the phospholipids used in this study.  
 
 
 
 
 
POPC 
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  
16:0-18:1 PC 
 
 
 
 
 
DPPC 
1,2 Dipalmitoyl-sn-glycero-3-phosphocholine  
16:0 PC 
 
 
 
 
 
PS 
1,2-Diacyl-sn-glycero-3-phospho-L-serine (bovine brain) 
Fatty acid percentage: 18:0 42%; 18:1 34%; 20:6 8%; other 16% 
 
 
 
 
 
 
SM 
Sphingomyelin, ceramide-1-phosphocholine (chicken egg yolk) 
Fatty acid percentage: 16:0 84%; 18:0 6%; other 10% 
 
Figure 1. Molecular structures of phospholipids used in this work. Typical molecular 
structure is presented for PS and SM.  
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The glycerophospholipids and sphingomyelin are characterized by two fatty acid chains 
of various lengths and saturation. In the glycerophospholipids the fatty acid chains are 
linked via ester bonds to a glycerol backbone. The different headgroups are connected 
to the backbone via a phosphate group. The structure of sphingomyelin, with 
phosphorylcholine esterified to ceramide, is similar to that of phosphatidylcholine. 
2.1 Liposomes 
The amphiphilic nature of phospholipids causes them to self-assemble into lamellar 
bilayers in aqueous solution with spontaneous formation of phospholipid vesicles, or 
liposomes [1]. The thickness of a bilayer is ∼ 4 nm and the diameter of the liposome can 
vary from nanometers to several micrometers. Many different methods have been 
applied to study the properties of liposomes [2] and their interactions with drugs [3], 
peptides, proteins [4], and other analytes. Liposomes are widely used as models of the 
bilayer core of cellular membranes. They have also been used as models for interaction 
studies with lipophilic substances such as doxorubicin [5] and amphotericin B [6, 7]. 
The structure (Figure 2) and characteristics (including surface charge, size, and 
lamellarity) of manufactured liposomes are easily modified by altering their 
phospholipid composition and the method of preparation [8]. This enables the tailoring 
of liposomes for specific purposes. The unique 
characteristics of liposomes derive mainly from 
the bilayer structure. Typically, phospholipids 
spontaneously form bilayers rather than 
micelles in aqueous media because of the two 
fatty acyl chains in their structure. In bilayers, 
the hydrophobic acyl chains of the 
phospholipid molecules face each other, while 
the hydrophilic head groups form the exterior 
of the bilayer. Their amphiphilic nature allows 
liposomes to be used as drug delivery systems 
for both hydrophilic and hydrophobic 
compounds.  
 
Figure 2. A through cut of a liposome showing the bilayer structure. 
 
Liposomes can be prepared by many different methods and appear in various sizes with 
a variety of properties. The main methods for preparation are thin-film hydration, 
injection, and demulsification. In the thin-film hydration methods, a thin lipid film is 
deposited on the walls of a round-bottomed flask or test tube, an excess of aqueous 
solution is added, and the flask or tube is shaken. In the aqueous solution the 
phospholipids form multilamellar vesicles (MLV, 0.1−20 µm). Usually large MLVs are 
subsequently broken into smaller liposomes by mechanical treatment. Disruption of 
MLV suspensions with sonic energy (sonication) typically produces small unilamellar 
vesicles (SUV) with diameters in the range of 25−100 nm. Liposomes of defined size 
and homogeneity can also be prepared by application of mechanical energy (extrusion). 
The lipid suspension is forced several times through a filter (e.g. polycarbonate) of 
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defined pore size to yield small or large unilamellar vesicles (LUV) having a diameter 
near the pore size of the filter (100−1000 nm). In the injection methods the lipids, 
dissolved in organic solvents, are injected into a well-stirred aqueous phase. Ethanol 
injection is one of the most widely used injection methods and yields SUVs. In the 
demulsification methods the lipids are also introduced into an aqueous phase from an 
organic phase. The organic phase forms an emulsion with the aqueous phase. The lipids 
orient themselves in monolayers around water droplets and form liposomes when the 
organic phase is removed. 
 
Bilayer-forming lipids exist in gel (solid ordered) or fluid (liquid crystalline) state 
depending on the relative concentration of the lipids and the temperature of the 
environment. When phospholipid bilayers are heated, they undergo multiple 
thermotropic phase transitions [9]. Much of the information on the thermotropic 
changes at the lipid phase transition has been obtained from X-ray diffraction and 
differential scanning calorimetric (DSC) studies. For an aqueous dispersion of DPPC, 
three transitions are observed: a sub-transition (Ts= 21.5 °C), a pre-transition (Tp= 35 
°C), and a main phase transition (Tm= 41.5 °C) [9]. The most important structural 
change at the main phase transition temperature (Tm) is the conformational change of 
the acyl chain, namely, the trans→gauche rotational isomerization of methylene groups 
about the single C−C bonds along the acyl chains. In general, the main phase transition 
of a phospholipid bilayer depends on the acyl chain length, the degree of unsaturation of 
the acyl chains, and the backbone and headgroup structure of the phospholipid. The 
phase transition temperatures are also affected by external factors such as pressure, pH, 
hydration, and composition of the aqueous media. 
2.2 Biological membranes 
Phospholipids, along with cholesterol, are the major components of cellular membranes, 
such as human red blood cell (RBC) membranes. The most common of the 
phospholipid are zwitterionic PC but also SM, PS and phosphatidylethanolamine (PE) 
[10]. The human RBC membrane is the most studied natural membrane and is used as a 
model for more complex membranes. A plasma cell membrane (Figure 3) is build up 
from a phospholipid bilayer, in which cholesterol, proteins, and carbohydrates are 
embedded. Attached to the bilayer is a cytoskeleton, which holds the membrane 
together.  
 
 
Figure 3. Schematic picture of a plasma cell membrane consisting of phospholipids, 
cholesterol, carbohydrates, and proteins.  
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The lipids in biological membranes are asymmetrically distributed between the outer 
and inner membrane surfaces [11]. If a biological membrane is dispersed by a detergent, 
symmetrical liposomes will form when the detergent is removed. Functional integral 
proteins are embedded in these model membranes but both the lipid distribution 
between the inner and outer leaflets of the bilayer and the position and orientation of the 
leaflet proteins will be symmetrical.  
 
The Tm of biological membranes normally ranges between 10 and 40 °C. The transition 
temperature of mammalian membranes is below the body temperature, and hence these 
membranes are in the fluid state. Bacteria and cold-blooded animals maintain 
membrane fluidity by modifying the fatty acid composition through lipid synthesis and 
degradation. Mammals regulate the membrane fluidity by varying the cholesterol 
content in the bilayer. The intracellular membranes of a specific tissue in different 
species have very similar classes of lipids.  
2.3 Cholesterol in phospholipid bilayers 
As noted above, cholesterol (Figure 4) the other component of cellular membranes, is 
embedded in the phospholipid bilayer of the plasma cell membrane. Concentrations in 
the membrane range from 25 to about 50% depending on the cell type [12]. The 
cholesterol concentration of a human RBC membrane is 54 mol% [10]. In a study of the 
interactions between DPPC and cholesterol by DSC and X-ray diffraction, Ladbrooke et 
al. [13] showed that mixtures of DPPC and cholesterol have properties of both the gel 
and fluid phases of pure PC. The maximum solubility of cholesterol in PC bilayers is 
66%, after which excess crystalline cholesterol separates as cholesterol monohydrate 
[14, 15]. Cholesterol serves as a mediator of membrane fluidity by breaking up gel 
domains that would otherwise make the membrane too rigid and by increasing the order 
of fluid membranes [16].  These properties are believed to be important in maintaining 
the biological activity of membranes. 
Furthermore, in saturated 
phospholipid bilayers, cholesterol 
broadens, and eventually eliminates, 
the gel→fluid phase transition, and it 
decreases the permeability of 
phospholipid bilayers in the fluid 
phase [17, 18]. 
 
Figure 4. Structure of cholesterol.  
 
The interaction between SM and cholesterol has been widely studied in both model 
membranes and biological systems [19, 20]. Cholesterol associates strongly with 
saturated, high-melting phospho- and sphingolipids and only weakly with highly 
unsaturated lipids [21]. SM has both hydrogen bond-donating and hydrogen bond-
accepting functional groups, while PC has only hydrogen bond accepting groups. 
Because of these differences, SM is thought to have stronger intermolecular interaction 
with cholesterol than PC does [19, 22, 23]. Holopainen et al. [24], however, provided 
OH
H
H
H
H
H
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evidence for lack of specific interaction between SM and cholesterol and proposed that 
the hydrophobic mismatch between the lipid species could explain the cosegregation of 
SM and cholesterol in model membranes. Membrane domains with sphingolipid- and 
cholesterol-based structures are called membrane rafts [20, 25, 26]. Guo et al. [27] 
proposed that the main reason for raft formation and the interaction of SM with 
cholesterol might in fact be the higher proportion of saturated fatty acid chains in SM 
than in other phospholipids in the natural membrane. 
2.4 Divalent cations in phospholipid bilayers 
Divalent cations affect the stability and structure of phospholipid bilayers and the 
binding and insertion of proteins [28]. The effect of calcium on negatively charged 
liposomes has been widely investigated. Calcium is a strong fusogenic agent, promoting 
the fusion of cells and liposomes [29, 30], which means that the addition of calcium 
ions can be used to manipulate the ability of phospholipids to form supported planar 
bilayers. Previously it has been shown that calcium stabilizes a POPC/PS coating on 
fused silica capillaries [31]. Hincha [32] investigated the aggregation of liposomes in 
fluorometric measurements, and found that liposomes containing 50% (w/w) of eggPC 
and 50% of the glycolipid digalactosyldiacylglycerol aggregated at CaCl2 concentrations 
above 6 mM. The dispersion contained 5 mg ml−1 of the lipids, which is equal to ∼6 
mM. Membranes that contained only eggPC did not aggregate in the presence of CaCl2 
at concentrations up to 26 mM. Whereas the aggregated liposomes containing 
glycolipids were stable, aggregation destabilized liposomes containing negatively 
charged lipids. 
 
Infrared spectroscopic (IR) studies by Garidel et al. [33] have shown that the binding of 
divalent cations (Mg2+, Ca2+, and Sr2+) to negatively charged 1,2-dimyristoyl-sn-
glycero-3-phosphoglycerol (DMPG) induces a crystalline-like gel state with highly 
ordered and rigid all-trans acyl chains. The binding of these cations induces a tighter 
packing of the acyl chains, suggesting a deep penetration of the cations into the polar 
head group region of DMPG bilayers. The authors suggested that the primary binding 
site for these cations are the phosphate group of the phosphodiester moiety, but 
indirectly also the ester carbonyl groups are affected. The CEC results of Hautala et al. 
[34] indicated strong interaction between calcium and the phosphate groups in 
phospholipids, and they demonstrated that the phospholipid polar head group plays a 
significant role in phospholipid coatings on silica surfaces. In a molecular dynamics 
study [35], however, a sequential binding of calcium ions to the lipid carbonyl oxygens 
was observed. In the same simulations, a significant increase in the fatty chain order 
was seen. In addition, IR results have confirmed the conformational changes in the 
carbonyl group region of POPC and the stabilization of the gel state induced by divalent 
cations [36]. 
 
Very commonly, earth alkali metals such as calcium and magnesium are used to induce 
membrane fusion, but IR results for the interaction of zinc [37] with phospholipid 
membranes suggested that zinc, which is a transition metal, is an even more potent 
divalent cation. Metal cations have a greater influence on membranes of anionic lipids 
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than on neutral or zwitterionic membranes because of the stronger attractive columbic 
forces. It has been demonstrated that cations (e.g. Mg2+, Ca2+, and Ba2+) elute in 
electrostatic ion chromatography with a N-dodecylphosphocholine stationary phase and 
water as the mobile phase in an order (Ba2+ <Mg2+ < Ca2+) that differs from that of 
cation exchange [38]. This shows that the zwitterionic phospholipids interact with 
analyte ions in a unique way, based on columbic attraction and repulsion and ion-pair 
formation. The effect of calcium on supported bilayers has been imaged by atomic force 
microscopy [39]. The organization of DPPC in supported bilayers of 1,2-dioleyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleyl-sn-glycero-3-[phospho-L-serine] 
(DOPS) is affected by the presence of calcium. In the absence of calcium, large 
domains of DPPC are formed in mixtures of DPPC/DOPC and DPPC/DOPS, but in the 
presence of calcium, small isolated DPPC domains appear in the DPPC/DOPS mixture. 
2.5 Cetyltrimethylammonium bromide in phospholipid bilayers 
Surfactant molecules have various effects on the structure and properties of membranes 
(or membrane-like structures) [40–42]. The way a surfactant changes a phospholipid 
membrane depends on its structure and concentration [40, 43, 44]. Of the various 
possible surfactants the most commonly used are alkyltrimethylammonium salts [44, 
45]. Figure 5 presents the structure of the surfactant, cetyltrimethylammonium bromide 
(CTAB, C16), used in this study. 
 
 
 
 
 
Figure 5. Molecular structure of CTAB. 
 
In the case of zwitterionic phospholipid bilayers, alkyltrimethylammonium salts either 
compensate the slight negative charge of the bilayer or convey positive charge to the 
phospholipid structure, thereby preserving its biological activity [43]. It has been 
discovered that two features of the surfactant are of major importance in improving the 
packing of the bilayer and increasing its stability: the concentration and the length of the 
alkyl chain [44, 46, 47]. At concentrations well below the critical micelle concentration 
(CMC), alkyltrimethylammonium salts have a stabilizing effect on biological 
membranes and on phospholipid bilayers (in aqueous media) [44, 48, 49]. At 
concentrations near the CMC, the surfactant causes rapid lysis/destruction of the bilayer 
[44]. Both the stabilizing and destructive effects increase with the length of the alkyl 
chain [40, 43]. The maximum activity has been detected at about C16 [40, 43, 47]. 
Several investigations suggest that the reason for such behavior is the hydrophobicity of 
the surfactant molecule: the more hydrophobic the surfactant the greater is the entropy 
gain when it is incorporated from the aqueous media into the bilayer [43, 47]. 
N+ CH3
CH3
CH3
Br-
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2.6 Polyethylene glycol-stabilized bilayers 
Although liposomes are considered as effective drug delivery systems owing to their 
colloidal size, biocompatibility, large capacity for carrying drugs, and easily 
controllable surface and membrane properties, they are also somewhat unstable. A 
major breakthrough occurred in the 1990s when hydrophilic polymers were first applied 
to sterically stabilize the liposome outer surface. This prolonged the residence time of 
drug-entrapping liposomes in the blood circulation stream ensuring site-specific drug 
delivery [50, 51, 52]. 
 
Polyethylene glycol (PEG) is probably the most widely used stabilizer in 
pharmaceutical applications of liposomes because of its low toxicity, high solubility in 
aqueous solution, and the high flexibility of its polymer chain [53]. The protective PEG 
layer is thought to prevent protein adsorption to the lipid bilayer and simultaneously to 
act as a steric barrier for inhibiting vesicle fusion. Addition of PEG-lipids to liposomes 
increases the packing order in the liposomes [54, 55]. In studies on drug delivery 
vehicles, the focus has been on vesicles coated with PEGs of molar mass of 5000 or 
less. The amount of PEG in the formulations must be carefully optimized because too 
little PEG exhibits low protective effect in the bilayer, while too much may lead to 
micellization of the system. The aggregation of PEG-lipids with increasing 
concentration of PEG proceeds from the formation of liposomes to discoidal micelles, 
and finally to the formation of spherical micelles. The PEGylated lipids used in this 
study were sterically stabilized commercial PE-lipids with covalently attached PEG 
chains. This modification gives the lipid a net negative charge (dissociated phosphate 
group). Figure 6 presents the PEGylated lipids used in this work, namely DMPE-PEG 
and DSPE-PEG. 
 
DMPE-PEG 
14:0; PEG (1000, 2000, 3000)  
1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] 
 
DSPE-PEG 
18:0; PEG (1000, 2000, 3000)  
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] 
 
Figure 6. Molecular structures of PEGylated lipids used in this work. 
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3 CAPILLARY ELECTROPHORESIS 
The analytical technique of interest in this work, capillary electrophoresis (CE), is a 
separation technique, where the analytes are separated in an electric field according to 
charge, mass, and structure. With automated instruments CE is easy to perform, and 
only small amounts of sample are required for the separation. CE has become popular 
because it can be used for the separation of small analytes as well as large biological 
molecules, such as drugs, DNA, peptides, and proteins. The instrumentation (Figure 7) 
consists of a capillary, two electrodes, a detector, a high voltage supply, a sample vial, 
and two background electrolyte (BGE) vials. The capillary that connects the vials to 
which the high voltage is applied is held in place by a capillary cassette. The capillary 
cassette is temperature-controlled by air or liquid cooling. The instrument is controlled 
by a computer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The CE instrumentation. 
 
Typically, the capillary is made of fused silica and has an inner diameter of 15−250 µm 
and a total length of 30−100 cm. Detection is most commonly done by UV, and the 
field strengths are typically 200−600 Vcm-1. The background electrolyte (BGE) is 
normally a buffer solution in water at concentration of 10−100 mM. 
 
 
 
 
 
 
 
 
Figure 8. The electroosmotic flow in a silica capillary 
 
When an electric field is applied, an electroosmotic flow (EOF) (Figure 8) is created in 
the capillary, moving the liquid towards the cathode. The EOF is created by the cations 
that begin to migrate toward the negative cathode, dragging the solvent along. The 
magnitude of the EOF varies with pH and ionic strength of the BGE and depends on the 
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surface charge of the inner wall of the capillary. The inner wall of the fused silica 
capillary consists of silanol groups, which are negatively charged at pH above 2. Under 
normal CZE conditions some molecules, such as positively charged proteins, adsorb 
onto the silica surface. To prevent this adsorption, the silanols can be shielded by 
coating the capillary. In the case of CEC, the capillary is coated in order to create a 
chromatographic phase in the capillary. 
 
The analytes are separated according to the differences in their electrophoretic 
mobilities. The total mobility of an analyte, µ tot, is the sum of the electroosmotic 
mobility in the capillary, µeo, and the electrophoretic mobility of the analyte itself, µep 
(Equation 1). 
 
eoeptot µµµ +=                  (1)  
 
The total mobility can easily be calculated by Equation 2 once the migration time of the 
analyte, tm is known. Ltot is the total length of the capillary, Ldet, is the length to the 
detector, and U is the separation voltage. 
 
       
          (2) 
 
 
The dimensionless plate number, N, calculated by Equation 3, can be considered as a 
measure of the separation efficiency. wh is the peak width at half height.  
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4 PHOSPHOLIPID-COATED CAPILLARIES 
In liquid chromatography, which is a CE-related technique, liquid chromatography, 
liposomes were introduced to the stationary phase in a packed column as long as 30 
years ago. The method is called immobilized liposome chromatography (ILC). Different 
approaches are available for immobilization of liposomes into the gel beads [70]. These 
include: steric entrapment [56-58], hydrophobic binding [59], avidin−biotin affinity 
binding [60-62], and covalent attachment [63]. Phospholipids can also be coupled as 
monolayers to the silica matrix to create an immobilized artificial membrane (IAM) 
[64]. When phospholipids are pumped through a reversed-phase column, the 
hydrophobic parts of the phospholipids are adsorbed to the hydrocarbon chains of the 
reversed-phase material resulting in a less permanent dynamic coating [59, 65-69]. 
 
CE studies related to phospholipids and liposomes are appearing in increasing numbers 
(see reviews 70−74) There are three ways in which liposomes can be used in CE: they 
can be studied as analytes, act as carriers, or coat the capillary. The first analysis of 
liposomes by CE was accomplished in 1995 by Zhang et al. [75]. For studies of 
liposome–analyte interactions, liposomes have been utilized as a pseudo-stationary 
phase [76-82]. Liposome electrokinetic chromatography (LEKC), as the method is 
called, allows fast and easy study of analyte−liposome interactions. However, the 
existence of an elution window limits the dynamic range for compounds, and the 
consumption of liposomes as a free-flowing pseudo-stationary phase is still high. 
Another drawback is that LEKC cannot be coupled directly to mass spectrometry owing 
to the free liposomes in the BGE. It was to overcome these drawbacks of LEKC that we 
were interested in using liposomes as a coating material.  
 
Yang et al. [83] were the first in 1998, to use liposomes of PC and biotinylated 
phosphatidylethanolamine (PE) to coat a fused silica capillary. The phospholipids form 
a supported phospholipid bilayers (SPB) or a supported vesicular layer (SVL) on the 
silica surface (Figure 9) which can be used to separate compounds by means of 
electrokinetic chromatography (CEC) or to diminish interactions of the analytes with a 
negative silica wall. These are dynamic or semi-permanent coatings, noncovalently 
attached to the capillary wall, which offer advantages over permanent coatings, where 
the coating is covalently linked. Among the advantages are ease and speed of coating, 
low cost, and ease of regeneration. In 2002, Cunliffe et al. [84] used zwitterionic 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC) as a semi-permanent capillary coating 
to prevent protein adsorption to the silica wall. Sometimes this method, where 
phospholipids are immobilized on a silica capillary, is called immobilized phospholipid 
capillary electrophoresis (IPCE). Table 2 summarizes work done on phospholipids as 
coating material for fused silica capillaries. 
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Table 2. Phospholipid coatings on fused silica capillaries. The publications are listed in order of 
publication year. All coatings were done on fused silica capillaries. The concentration of the 
liposome dispersion was < 4 mM unless otherwise mentioned. 
Phospholipid coating 
dispersion 
Electrolyte 
solution 
Analytes Comments Ref. 
PC/biotin-PE 98:2 
mol% 
Not mentioned Acebuterol Hydrophilic coating with 
avidin  
83 
1998 
DLPC +CaCl2 Tris pH 7.4 Cationic proteins Phospholipid flush 
between runs 
84 
2002 
POPC/PS 80:20 v/v% Phosphate pH 
7.4. 
Neutral small drugs Cap. first coated with 
agarose 
85 
2002 
POPC/PS 80:20 mol% HEPES pH 7.4 Neutral steroids HEPES better than Tris or 
Tricine as BGE 
I 
2003 
POPC pH 7.5, buffer 
not mentioned 
Charged drugs Air dry and NaOH flush 
after coating 
86 
2003 
Lipofectamine, Escort, 
39mM 
Tris pH 7.6 Oligonucleotides Cationic lipids, 
reversed EOF 
87 
2003 
PC/PS 80:20 mol% Tris pH 7.4 D,L -Tryptophan Cap. treated with M1C4, 
lysozyme immobilization  
88 
2004 
PC +CaCl2 or MgCl2 
DPPC 
HEPES pH 7.4 Cationic proteins Phospholipid flush 
between runs 
II 
2004 
PC +CTAB +CaCl2 HEPES pH 7.4 Cationic proteins  III 
2004 
POPC, 8 mM Phosphate pH 
6.2 
Cationic proteins BGE with or without 
POPC 
89 
2004 
POPC/PS 80:20 mol% 
+CaCl2 
HEPES pH 7.4 Neutral steroids, 
phenols 
Also Tris and Tricine as 
BGE 
31 
2004 
PC/PS 80:20 mol% HEPES pH 7.4 Neutral steroids Different pH values were 
tested 
90 
2005 
DOPC, ∼6 mM Tris pH 7.4 Anionic, cationic 
proteins 
Oligomerization of DOPC 91 
2005 
DLPC Ammonium 
pH 9.25, 
acetate pH 4.75 
 Preconcentration of 
proteins using a pH 
junction 
92 
2005 
POPC/PS 80:20 mol% Acetate, phos-
phate, Tris pH 
4.0-7.4 
Neutral steroids Small diamines were used 
as modifiers 
93 
2005 
POPC/PS 80:20 mol% HEPES pH 7.4 Anionic, neutral, 
cationic compounds 
Also other piperazine-
based buffers  
94 
2005 
Bis-SorbPC  No CE runs UV photopolymerization 
in fused silica capillaries 
95 
2005 
DPPC/PS, 
Biotinyl-Cap-
DPPE/PS, 
Biotinyl-DPPE/PS 
Tris, HEPES 
pH 7.4 
D,L -Tryptophan, D,L -
PTH-serine, D,L-PTH-
threonine 
Avidin immobilization for 
chiral separtion 
96 
2006 
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Phospholipid coating 
dispersion 
Electrolyte 
solution 
Analytes Comments Ref. 
PC/PS/chol 
PC +CaCl2 
HEPES pH 7.4 Neutral compounds Effect of liposome storage 
time on CEC performance 
97 
2006 
RBC ghost lipids 
PC/SM/chol 
HEPES pH 7.4 Neutral steroids  IV 
2006 
POPC/fusidic acid HEPES pH 7.4 
+ EDTA 
Neutral steroids Combined simulation/ 
experimental study 
98 
2006 
POPC/PA, PG, PI or 
PS 80:20 mol% 
+ CaCl2 
HEPES pH 7.4 Anionic, neutral, 
cationic compounds 
Other polar lipid head 
groups than PS 
34 
2007 
Bis-SorbPC, DOPC, 
DLPC, eggPC 
Phosphate pH 
7.4 
Anionic, cationic 
proteins 
Cross-linked, polymerized 
coating 
99 
2007 
DMPC, DHPC +CaCl2 MOPS pH 7.0 
Tris pH 7.4 
Anionic, cationic 
biopolymers, drugs 
90 mM phospholipids 
Dual injection for affinity 
selection 
100 
2007 
POPC/chol/fusidic 
acid 
Hepes pH 7.4 atenolol, aldosterone, 
testosterone, 
dichlorphenamide 
Interaction of fusidic acid 
with lipid membranes 
101 
2008 
eggPC HEPES 7.4 
Tris 7.4 
D,L-tryptophan Immobilization of bovine 
serum albumin for chiral 
separation 
102 
2008 
Soybean PC/chol Tris pH 7.4 Nonsteroidal anti-
inflammatory drugs 
Phospholipid flush 
between runs 
103 
2008 
DMPC + CaCl2 Tris pH 7.4, 
Tris-formate 
pH 4.43 
Cationic proteins 
Histone H1 
Phospholipid flush 
between runs 
104 
2008 
POPC/DSPE-PEG, 
POPC/DMPE-PEG 
80:20mol% 
HEPES pH 7.4 Anionic, neutral, 
cationic compounds 
FITC-AA 
UV and LIF detection V 
2008 
 
The facile and quick method for preparing the semi-permanent phospholipid coating by 
simply flushing the capillary with the phospholipid solution, and the versatility of the 
method, make CE a promising technique for studies on phospholipid−analyte 
interactions. With liposomes now introduced as coating material in CE techniques, 
characterization of the coating and the factors affecting the coating procedure are 
important. Liposomes and their interactions with analytes have, for example, been 
investigated by DSC [105, 106]. The formation of phospholipid coating on different 
surfaces [28, 107, 108] has been studied by AFM [108−110]. These studies have helped 
to clarify the progress of the coating formation and the effect of coating conditions on 
the final form of the coating. Several steps are involved when vesicles form a supported 
phospholipid bilayers (SPB) on the silica surface. [28, 36, 39, 111] First the vesicles 
adsorb onto the surface. Thn, if the surface coverage is high the vesicles may fuse and 
rupture onto the surface. The process may also include the formation of bilayer disks 
that fuse to form a continuous SPB (or a supported lipid bilayer, SLB, as the bilayer is 
also called). (See Figure 9) Viitala et al. [111] studied anionic phospholipids on silica 
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with a QCM and demonstrated that the formation of SVLs or SPBs is highly dependent 
on the lipid and solvent composition. Liposomes do not necessarily fuse and form an 
SPB; they can also remain intact and form an SVL.  
 
 
 
Figure 9. On the left a supported phospholipid bilayer (SPB) and on the right a supported 
vesicle layer (SVL). 
 
 
 
silica surface silica surface
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5 EXPERIMENTAL 
Details of the experimental work can be found in the original papers. Only a summary is 
presented here. 
5.1 Chemicals 
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES), fluorescein 
isothiocyanate (FITC), POPC, bovine brain PS, eggSM, the steroids 17α-
hydroxyprogesterone, androstenedione, and d-aldosterone, and the proteins α-
chymotrypsinogen A (25 kDa, pI=9.3), lysozyme (14.3 kDa, pI=11.0), ribonuclease A 
(13.7 kDa, pI=7.8), and trypsin (23.3 kDa, pI=10.5) were purchased from Sigma (St 
Louis, MO, USA). POPC, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-1000] (DMPEG1000), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-1000] (DSPEG1000), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DMPEG2000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPEG2000), 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-3000] (DMPEG3000), and 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
3000] (DSPEG3000), DPPC, cholesterol, and eggPC (average MW 760 g mol-1) were 
purchased from Avanti Polar Lipids (Alabaster, USA). The steroids progesterone and 
testosterone and the pH solutions (4.00, 7.00, and 10.00) used for calibrating the pH 
meter and magnesium chloride were purchased from Merck (Darmstadt, Germany). 
Dimethylsulfoxide (DMSO), sodium hydroxide (1.0 M), and nitric acid (1 M) were 
purchased from FF-Chemicals (Yli-Ii, Finland) and calcium chloride and CTAB from 
Fluka (Buchs, Switzerland). Zinc chloride was from Riedel-de Haën AG (Seelze, 
Germany), methanol from Mallinckrodt Baker (Deventer, the Netherlands), and 
chloroform from Rathburn Chemicals (Walkerburn, UK). 
5.2 Sample and buffer preparation 
The molar concentration of the BGE solution was 40 mM (ionic strength 18 mM, with 
pH adjusted to 7.40 with 1.0 M sodium hydroxide) of HEPES in water. Before use the 
BGE was filtered through 0.45 µm Millipore filters (Bedford, MA, USA) using a 
Millipore vacuum system. The BGE solution did not contain any liposomes. 
 
The migration time of DMSO (0.05%, v/v) or methanol (1%, v/v) in BGE was used as a 
marker for the EOF. Protein stock solutions were prepared in water (2 mg ml-1). The 
protein samples were diluted in water from stock solutions. The protein concentrations 
were as follows: 200 µg ml-1 of ribonuclease A, 250 µg ml-1 of lysozyme and trypsin, 
and 500 µg ml-1 of α-chymotrypsinogen A. The steroid sample was prepared from stock 
solutions (2 mg ml-1 in methanol). The steroid concentrations in the injected sample 
were 20 µg ml-1 each of aldosterone, androstenedione, and testosterone and 50 µg ml-1 
each of 17α-hydroxyprogesterone and progesterone, all in methanol−BGE (10:90, v/v).   
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Amino acid stock solutions (1 mM in 10 mM NaHCO3 at pH 10) were prepared. For 
FITC -labeling of the amino acids, 90 µL of amino acid stock solution was mixed with 
10 µL of 1 mM FITC (in acetone) solution. The mixture was incubated overnight in the 
dark at room temperature. The final FITC-labeled amino acid concentration in the 
sample for injection was 0.14 µM in water. The solutions were stored in a refrigerator. 
5.3 Liposome preparation 
Appropriate amounts of the lipid stock solutions in chloroform were mixed to obtain the 
desired compositions. The mixture was evaporated to dryness under a stream of 
nitrogen, and traces of solvent were removed by evacuation under reduced pressure for 
∼16 hours. The lipid residues were hydrated in 40 mM HEPES pH 7.4 at 60 oC to yield 
MLVs with a lipid concentration of 0.75−4 mM, and the vesicles were maintained at 
this temperature for 60 min with subsequent vortexing. The resulting dispersion was 
processed to LUVs by extrusion 19 times through Millipore (Bedford, MA, USA) 0.1-
µm pore size polycarbonate filters with a LiposoFast extruder. The liposome dispersions 
containing DPPC, and SM were extruded at 60 oC since the Tms of DPPC, and SM are 
about 40 oC and the liposome dispersion has to be in fluid state during extrusion. The 
other liposome dispersions were extruded at room temperature. For the HSDSC 
measurements, the liposome dispersions were diluted in 40 mM HEPES (pH 7.4) to a 
final lipid concentration of 0.4−0.5 mM. The liposome dispersions used for coating the 
capillary contained 0.1–3 mM (usually 0.75 or 1.0 mM) of PC, POPC, DPPC, PS, SM, 
or cholesterol. For the experiments with divalent cations, 0−60 mM of CaCl2, MgCl2, or 
ZnCl2 and 0−37.5 µM of CTAB were added to the POPC or DPPC dispersion after 
extrusion. After preparation, the liposome dispersions were stored in a refrigerator and 
the stock solutions of phospholipids in chloroform in a freezer.  
5.4 Preparation of liposomes from red blood cell ghost lipids 
Whole blood was collected by vein puncture from a single healthy volunteer with 
heparin used as anticoagulant. First, the RBCs were separated from heparinized whole 
blood by centrifugation and washed three times with a buffer consisting of 150 mM 
NaCl and 5 mM sodium phosphate at pH 8.0. The RBC ghosts were prepared by 
hypotonic shock in ice-cold lysis buffer containing 5 mM sodium phosphate at pH 8.0. 
After hemolysis they were washed until hemoglobin was completely removed. The 
ghost lipids were then extracted with a methanol/chloroform solution (2:1, v:v). The 
methanol/chloroform solution was evaporated to dryness under a stream of nitrogen and 
the ghost lipids were dissolved in chloroform at a concentration of approximately 2 
mM. Liposomes (in 40 mM HEPES buffer at pH 7.4) were subsequently prepared from 
the ghost lipid stock solution in chloroform. The chloroform was evaporated and the 
ghost lipid solution was processed to LUVs by extrusion at 60 °C through 0.1-µm pore 
size polycarbonate filters as described above.  
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5.5 Instrumentation 
Electrophoretic measurements were made with a Hewlett Packard 3DCE system 
(Agilent, Waldbronn, Germany) equipped with a diode array detector (detection at 200 
nm, 215 nm, and 245 nm) and air thermostating of the capillary or with a Beckman 
P/ACE System 2000 and 2001 equipped with a wavelength-selectable UV detector 
(detection at 200 nm, 215 nm, and 245 nm) and liquid thermostating of the capillary. A 
water bath with a circulating thermostat Lauda RE 104 (Lauda, Lauda-Königshofen, 
Germany) connected to the Hewlett Packard 3DCE system was used to control the 
temperature (25 °C, 37 °C, or 45 °C) of the vial carousel. 
 
Fused silica capillaries used for coating and in CE separations were from Composite 
Metal Services Ltd. (Worcestershire, UK). Dimensions were 50 µm inner diameter (ID) 
and 375 µm outer diameter (OD). The length of the capillary to the detector was 
30.0/37.0 cm (Beckman) or 30.0/38.5 cm, 50.0/58.5 cm, or 51.5/60.0 cm (Hewlett 
Packard). 
 
A nitrogen-evaporating unit (Pierce, Reacti-Therm Heating Module No 18790, 
Rockford, IL, USA) and a desiccator equipped with a vacuum pump (KNF Neuberger, 
Freiburg, Germany) were used to evaporate chloroform from the phospholipid mixture.  
A shaking water bath (SB-16 Techne, Duxford, UK) with a thermostat (HETO, 
Birkeröd, Denmark) was used to hydrate phospholipids into buffer solution, and a 
vortexer (Heidolph, REAX 2000, Germany) was used to accelerate hydration. 
Liposomes were extruded with a LiposoFast-Basic homogenizer with a pneumatic 
actuator or a LiposoFast low-pressure homogenizer (Avestin, Ottawa, Canada). HSDSC 
measurements were performed on a VP-DSC microcalorimeter (MicroCal Inc, Studio 
City, CA, USA). Distilled water was further purified with a Millipore Water 
Purification System (Millipore S.A., Molsheim, France). 
5.5.1 Capillary electrophoresis 
Fresh capillaries were generally flushed at a pressure of 930–940 mbar for 10 min with 
0.5 M of hydrochloric or nitric acid and for 20 min with Milli-Q water. Phospholipid 
coating was applied to the capillary inner surface as follows: after preconditioning, the 
capillary was flushed for 10 min with liposome dispersion at 930–940 mbar, and then it 
was left to stand with the liposome dispersion for 15 min.  
 
CE separation conditions were as follows: voltage 20 kV; temperature of the capillary 
cassette 25 °C, 37 °C, or 45 °C; injection of the electroosmotic marker for 2 s at 50 
mbar and of the steroid and protein samples for 5 s at 50 mbar. Before runs and before 
each injection the capillary was flushed for 2 min with the BGE solution. A short flush 
with the phospholipid dispersion between runs, as in previous work involving 
phospholipid coating of silica capillary [84], was tested for some coatings. During a 
long series of runs, the quality of the BGE solution was ensured by change of the buffer 
vials after five to ten run. 
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The stability of the coatings was measured by performing successive runs with the EOF 
marker in freshly coated capillaries. The stability of the coatings was measured 
indirectly by monitoring the change in EOF during successive runs.  
 
The zeta potentials and particle sizes of PEGylated and nonPEGylated POPC aggregates 
were determined with a Zetasizer 3000 instrument (Malvern Instruments). The samples 
were diluted in HEPES buffer solution (concentration 20 mM at pH 7.4) until the final 
concentrations were 0.25 mM (sample volume 2 ml). Measurement conditions and 
parameters were as follows: 25°C, dielectric constant 79.7, and viscosity 0.89 mPa·s. 
Electrophoretic mobilities were converted into zeta potentials with use of the 
Smoluchowski equation. 
5.5.2 Differential scanning calorimetry 
HSDSC measurements were performed on a VP-DSC microcalorimeter at an external 
pressure of ca. 180 kPa. The cell volume was 0.507 ml. The instrument response time 
was set at 5.6 s. Scans were performed from 10 to 60 °C at a heating rate of 60 °C h-1. 
Before each scan, the sample was kept at 10 °C for 30 min. The lipid suspensions were 
degassed under vacuum before being loaded into the VP-DSC microcalorimeter. Data 
were corrected for instrument response time and analyzed with the software supplied by 
the manufacturer. 
5.5.3 Asymmetrical flow field flow fractionation  
The AsFlFFF channel was constructed in-house in a manner similar to that of other 
groups [112-115]. A regenerated cellulose acetate ultrafiltration membrane with a molar 
mass cut-off of 10 kDa (DSS-RC70PP, Nakskov, Denmark) was laid on top of the 
porous frit. A 500-µm-thick Mylar™ spacer, with the channel shape cut out, was placed 
between the ultrafiltration membrane and the upper glass plate. The nominal channel 
dimensions were 38 cm × 2 cm × 500 µm. An HPLC pump was used to move the carrier 
liquid, and samples (5.0%, v/v) were introduced to the channel at 1.0 ml min-1 for 5 min 
by another HPLC pump. During the injection−relaxation−focusing period, carrier liquid 
was delivered from the front and backside of the channel at 3.3 ml min-1 for 12 min. The 
outlet flow from the channel was monitored with a UV/Vis detector (HP1050 model 
79853C, Tokyo, Japan) at 254 nm. Unless otherwise specified, the flow rates at the 
main and cross-flow outlets were 2.25 and 0.75 ml min-1, respectively.  
5.5.4 Dynamic light scattering  
Size distributions of the lipid aggregates were measured by dynamic light scattering 
(DLS) with a Brookhaven Instruments BI200SM goniometer and a BI-9000AT digital 
correlator (Brookhaven Instruments, Holtsville, NY, USA). The extruded samples were 
diluted in HEPES buffer solution (concentration 20 mM at pH 7.4) to a final 
concentration of 0.5 mM. The DLS measurements were made at 20°C, the viscosity of 
the sample solution was approximately 1 mPa·s, and the refractive index was 1.33. The 
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laser light (Argon Lexel Laser of wavelength 488 nm) was detected at 90°. Three 
replicate measurements were made and the mean average particle diameter was 
obtained with the CONTIN software. 
 
Particle sizing was also detected at 90° with a He-Ne laser at 633 nm. Three replicate 
measurements of ten runs (in total 30 runs) were made on each lipid dispersion, and 
mean average particle diameters were determined with the use of the CONTIN 
algorithm. The sizes presented are based on the volume distributions. 
5.5.5 Electron microscopy 
For study of the packing of PEGylated lipid aggregates on silica, portions (3 µL) of 
extruded POPC/DSPEG1000, POPC/DSPEG2000, and POPC/DSPEG3000 80:20 
mol% samples at 1 mM in 20 mM HEPES pH 7.4 were pipetted onto a holey carbon 
film on 400-mesh copper support grids (Quantifoil R2/2). Samples were blotted with 
Whatman no. 41 filter paper and then vitrified by plunging into liquid ethane in a home-
made guillotine [116]. The vitrified samples were transferred to a Gatan 626 cryoholder 
and maintained at -180 ºC during imaging in a Tecnai F20 field emission gun 
transmission electron microscope (Electron Microscopy Unit, Institute of 
Biotechnology, University of Helsinki) at 200 keV. Micrographs were recorded on 
Kodak SO163 film under low dose conditions at a magnification of 50000 x. 
5.5.6 Atomic force microscopy 
The interaction between PEGylated lipid aggregates and the outer surface of fused silica 
capillaries (the polyimide layer had been removed) was studied by AFM using an 
Autoprobe CP Research AFM (ThermoMicroscopes, Sunnyvale, CA, USA), operated in 
intermittent-contact (tapping) mode.  All AFM measurements were conducted at 
ambient temperature and humidity using MikroMasch NSC21 triangular Si cantilevers 
(k = 1 N m-1), with typical end radii <10 nm and cone angles <30° for the probe tips.  
Capillaries were prepared for each separate lipid dispersion by flushing for 5 min with 
0.5 M nitric acid and then for 10 min with water. After this the capillaries were left to 
stand in lipid aggregate dispersion for 15 min.  Measurements on the outer walls of the 
capillaries were carried out directly after capillaries were removed from dispersions. 
5.5.7 Measurements with a quartz crystal microbalance 
A KSV multi-frequency QCM-Z500 (KSV Instruments, Helsinki, Finland) was used to 
monitor adsorption of the PEGylated lipid aggregates on a Si-coated quartz crystal. 
Measurement with the QCM-Z500 instrument is based on impedance analysis. The 
contacting adsorbed layer and bulk liquid phase create mechanical perturbations in the 
quartz crystal and alter its electrical characteristics. Thus, by measuring the impedance 
over the crystal and using equivalent circuit analysis, one can relate the electrical 
impedance of the quartz crystal to the mechanical properties of the contacting adsorbed 
layer and liquid phase. If the layer on the crystal surface is rigid, coupled strongly to the 
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crystal movement, and homogeneously deposited over the crystal surface, the decrease 
in frequency is proportional to the mass of the adsorbed layer, as shown by Sauerbrey  
[117] in 1959. 
 
If the adsorbed layer does not fulfill the above requirements because the added mass is 
soft and/or not properly attached to the underlying surface, and therefore it is not fully 
coupled with the crystal oscillation, there is a deviation from the Sauerbrey equation. In 
such cases, measuring the electrical properties of the quartz crystal and the adsorbed 
layers at multiple overtones is a useful way to determine the mechanical properties of 
the layer. By using equivalent circuit modeling, one can then estimate the mechanical 
properties (mass, density, thickness, viscoelasticity) of the added layers on the quartz 
crystal. [111, 118] The modeling in this study was performed using proprietary QCM 
Impedance Analysis software (KSV Instruments, software version 2.30). Data was 
simultaneously acquired at the fundamental frequency of 5 MHz (N = 1) and at several 
overtone frequencies (15, 25, 35, 45, and 55 MHz). If not stated otherwise, the changes 
in the measured data of the third overtone (N=3; f=15 MHz) are reported. 
 
The silica-coated quartz crystals used in the QCM measurements were prepared by 
evaporating onto the gold-electrode-coated 5 MHz quartz crystal a 50-nm thick layer of 
Si, which spontaneously oxidizes to SiOx upon air exposure. Before measurements the 
silica-coated quartz crystal was immersed in 0.5 M nitric acid for about 15 minutes and 
flushed with pure water. Immediately after this the crystal was placed in the QCM 
measuring chamber and the chamber was filled with pure water and flushed 3-4 times 
with pure water until the frequency signal was stable. Phospholipid coating was then 
applied to the chamber by flushing it with the vesicle dispersion. 
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6 RESULTS AND DISCUSSION 
The main purpose of this study was to develop a method for coating phospholipids onto 
CE capillaries. Stabilization of the coating was pursued through the addition of divalent 
cations, CTAB, and PEGylated lipids. As well, the effect of temperature on the coating 
stability was investigated. DSC experiments were carried out to characterize the 
thermotropic behavior of the liposomes. In an attempt to move toward more natural 
membranes, the effect of cholesterol was studied and the capillary was coated with 
human RBC ghost lipids. Emphasis was on the rigidity and stability of the phospholipid 
coating. In the following, first the simple method developed for coating a fused silica 
capillary with phospholipids is described, and then how the addition of divalent cations 
and CTAB affects the rigidity of the phospholipid membrane and the stability of the 
coating for CE. The effect of PEGylated lipids on phospholipid bilayers as studied by 
CE, AsFlFFF, and spectroscopic and microscopic techniques is reported. Finally, the 
successful coating with RBC ghost lipids, and the interaction of steroids, proteins, and 
small molar mass drugs with the phospholipid bilayers are described.  
6.1 Development of the coating procedure 
The coating procedure was developed through an investigation of different methods of 
preconditioning the capillary and of different coating times and phospholipid 
concentrations. Related to this, experiments were carried out on the best way to store 
capillaries. 
6.1.1  Preconditioning of the capillary  
Different methods of preconditioning the fused silica capillary were tested: flushing 
with sodium hydroxide, flushing with sodium hydroxide and acid (hydrochloride or 
nitric acid) and flushing only with acid. Since flushing with acid gave slightly better 
coating results (data not shown), an acid flush with hydrochloric or nitric acid was 
chosen. After the preconditioning with acid (and water), the capillary was flushed with 
BGE solution for five minutes. There was no clear improvement in the coating, 
however, and this preconditioning step was excluded. 
6.1.2 Optimization of the phospholipid coating method 
The coating method was optimized for the coating time, including the flushing with the 
liposome coating solution and the waiting time, and for phospholipid concentration. 
6.1.2.1 Coating time 
When the capillary was flushed with the coating solution for 5, 10, or 20 min [I], there 
was no significant difference in the mean electroosmotic mobilities (the relative 
standard deviation, RSD, was < 7% overall). Accordingly, 10 min was selected as long 
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enough to flush the capillary thoroughly but short enough to keep the method rapid and 
not waste the liposome dispersion. 
 
The formation of bilayers on surfaces during coating processes has been observed for 
double-chained surfactants [119] and lipids with two alkyl chains [84, 109]. However, 
the formation of the bilayer often takes some time [110]. The effect of waiting 5 min to 
23 h before removing the liposome dispersion from the capillary was studied for anionic 
POPC/PS coatings [I]. Measurement of the EOF after successive injections of methanol 
suggested that there was no difference in the coating stability after 5 and 15 minutes 
waiting time. The difference in the mean electroosmotic mobilities was less than 1.5%. 
The corresponding RSD values as calculated for 36 runs were 2.8 and 1.5%, 
respectively. When the capillary was kept filled with the liposome dispersion for 23 h, 
the capillary became slightly unstable, as indicated by a fluctuation of the EOF (RSD of 
4.5%). Thus, 15 minutes waiting time was considered sufficient to achieve a stable 
coating. This was also in agreement with previous studies [110].  
 
The effect of waiting time (15 min, 2 h, 15 h, and 65 h) was also tested for 
eggPC/CTAB/Ca2+ coatings [III]. These results similarly indicated that a sufficiently 
stable coating is achieved if the capillary is kept filled with the coating solution for just 
15 min.  
 
The following method was chosen for the subsequent CEC studies: 10 min 0.5 M acid 
flush + 15 min water flush + 10 min liposome dispersion flush + 15 min waiting time 
with the liposome dispersion in the capillary. As mentioned, the stability of the coating 
did not improve markedly with prolongation of the coating time. However, the waiting 
time did have an effect on the interactions between the phospholipid membrane and 
model proteins, and a total coating time of 15 h was concluded to be best for the protein 
separations on capillaries coated with eggPC/CTAB/Ca2+ [III]. 
 
In a recent study of the effect of ionic strength and liposome preparation on 
phospholipid coating formation, Gulcev and Lucy [104] showed that the coating of the 
capillary was faster when Tris buffers of higher ionic strengths (2.5 → 40 mM) were 
used. Possibly, if the ionic strength of the HEPES buffer used in this study had been 
higher, the coating process would have been faster. Nevertheless, 15-min coating time 
can be considered short as compared with the time required to coat capillaries 
covalently. 
6.1.2.2 Phospholipid concentration  
As a further step in the optimization the phospholipid concentration in the coating step 
was varied. The tested phospholipid dispersion contained PC and metal ion in molar 
ratio 1:20. Dispersions containing 3 mM PC resulted in stable coatings [I]. 
Phospholipids are of relatively high cost, however, and it was desirable to find the 
lowest concentration that would give a good coating in the capillary [II]. The estimation 
of coating stability was based on the run-to-run electrophoretic mobility and the plate 
number of the lysozyme used as model basic protein. Figure 10 (Figure 1 in paper II) 
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shows that there was no phospholipid coating in the capillary at PC concentrations 
below 0.2 mM. The best results (highest plate numbers) were obtained with 0.75 mM 
PC. The EOF was fairly stable at all PC concentrations from 0.25 mM PC to 3 mM PC 
(Figure 10a), showing that the net charge of the surface was almost constant, and the 
silanols on the fused silica capillary were shielded by the PC coating. Fluctuations in the 
plate number of lysozyme (Figure 10b) were probably due to lysozyme interacting in 
different ways with the PC coating. The thickness of the coating may have varied with 
the PC concentration, or lysozyme may have interacted with the calcium added to the 
PC dispersion, or with PC phospholipids leaking out from the capillary.  
 
 
 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
Figure 10. Effect of PC concentration (0.1−3 mM) on the coating. The PC/Ca2+ ratio was  
1:20. Capillary 30.0/38.5 cm, ID/OD 50/375 µm. Injection of 250 µg ml-1 lysozyme in water for 5 s at 
50 mbar. a) The electrophoretic mobilities and b) the plate number for lysozyme. Separation 
conditions: 20 kV, 25 °C, UV at 215 nm. 
 
When the effect of phospholipid concentration was investigated with DMPC prepared 
as SUVs, Gulcev and Lucy [104] found that even concentrations of 0.1 DMPC were 
sufficient to coat the capillary. Interestingly, they found that when DMPC were used as 
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LUV or MLVs the coating process was slower and the EOF was not suppressed as 
much as when SUVs where used. The results are not fully comparable with those of our 
study, however, since we used LUVs made of POPC with unsaturated acyl chains and 
they used DMPC (Tm 24 °C) with saturated short acyl chains. Their runs were made at 
25 °C, i.e., just above the transition temperature. We also studied the saturated DPPC 
(Tm 41.5 °C) (see section 6.2.5) LUVs, but below the phase transition temperature, and 
obtained even lower EOFs for this rigid gel phase coating than Gulcev and Lucy. 
6.1.3 Conditions for capillary storage 
Since reuse of capillaries is desirable, tests were made to determine if the POPC/PS 
coating could withstand overnight storage without losing its stability [I]. When the 
capillary was stored in water, the coating was apparently dissolved, since the EOF 
measured the following day was almost as fast as with an uncoated capillary. When the 
capillary was stored in the liposome dispersion, the coating evidently remained attached 
to the capillary wall, but the EOF fluctuated strongly. When the capillary was kept in 
the HEPES BGE solution for about 13 h, no significant loss of coating occurred as 
evidenced by the more or less stable EOF. The capillary was also stored in HEPES 
buffer solution for about 60 h, and even after such a long time the coating was stable 
and there was only a slight increase in the EOF (2%). Nevertheless, a freshly coated 
capillary should be employed for each series of runs to ensure reliable data. 
 
Tests on the stability of the coating were also done with POPC/PEG aggregates. The 
coated capillary was kept in the BGE solution for one day, one week, or two months. 
The EOF values did not change much after storage for one day (∼1.0·10-8 m2V-1s-1, RSD 
2.4%, n=9; the EOF of an uncoated capillary under the same running conditions is 
approximately 5·10-8 m2V-1s-1) and were slightly higher (∼1.4·10-8 m2V-1s-1) but still 
repeatable (RSD of EOF 1.0% with n=9) after one week. After storage for two months 
in the BGE solution, the PEGylated lipid coating had changed and was partly dissolved; 
the EOF values were now about 1.9·10-8 m2V-1s-1 (RSD 3.2%, n=9), but clearly some 
was still present in the capillary.   
6.2 Stabilization of the phospholipid coating 
A major part of the work involved determining and improving the stability of the 
coating. When the stability of the PC coating was confirmed to be unsatisfactory, 
attempts were made to improve the stability through adding metal cations and CTAB, 
working in the gel phase, adding cholesterol and adding PEGylated lipids. 
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6.2.1 Stability of phosphatidylcholine coatings 
The stability and charge of the coating in a phospholipid-coated fused silica capillary 
was determined by measuring the repeatability of the EOF. When the silica surface, 
which is originally negatively charged, is coated with liposomes, the liposomes shield 
the negative silanol charges and the EOF is suppressed. In a pure DPPC-coated 
capillary, [IV] the EOF was suppressed from about 5 ×10-8 m2V-1s-1 in the uncoated 
capillary to as low as 0.2−1 ×10-8 m2V-1s-1. Figure 11 (Figure 3 in paper I) shows the 
EOF values obtained for a large number of runs in an uncoated capillary, a capillary 
coated with 80:20 mol% POPC/PS, and a capillary coated with 100 mol% POPC. 
  
Figure 11. Repeatability of the EOF, µeo, in uncoated and in 1 mM POPC- and 80:20 mol% 
POPC/PS-coated capillaries (51.5/60.0 cm) using 40 mM HEPES at pH 7.4 as liposome solvent and 
BGE solution. Injection of methanol for 5 s at 50 mbar. Separation conditions: voltage 20 kV, 
temperature of capillary cassette 25 °C, detection 200 nm. 
 
A 2-min flush with BGE solution was made before each injection, and the duration of 
each run was 12 min except for 100 mol% POPC. In the case of POPC the running 
times were from 50 min for runs 1−8 and 30 min for runs 9−38. In the case of the 80:20 
mol% POPC/PS coating there are two curves: one for a capillary with 30 µm ID and 
one for a capillary with 50 µm ID. The EOF in the 80:20 mol% POPC/PS-coated 
capillaries was almost as stable as the EOF in the uncoated capillary. The EOF in the 
POPC/PS-coated capillaries increased slightly as the capillary was used, probably 
because some liposomes leaked out from the capillary or the nature of the coating 
changed. Although the EOF in the 100 mol% POPC-coated capillary was suppressed at 
the outset, it increased after a few runs. Presumably, the adsorption of the liposomes 
onto the silica surface was not strong enough to withstand the applied electric field or 
the buffer flushing between the runs. Under these conditions, POPC liposomes alone 
cannot provide a stable phospholipid coating, but 80:20 mol% POPC/PS liposomes 
seemed to work very well. 
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The mean EOF values for a large number of runs and for the different phospholipid 
coatings are summarized in Table 2. The repeatability was good for the 30-µm ID 80:20 
mol% POPC/PS-coated capillary, as can be seen from the small RSD value for the very 
long series of runs. The RSD for the 100 mol% POPC capillary was poor (20.7%). The 
large RSD value was not the result of a constant fluctuation of EOF but rather to a 
systematic increase in EOF (see Figure 11). EOF values also fluctuated in the uncoated 
capillary, and slowly increased as the capillary was used. With a 51.5/60.0 cm uncoated 
capillary (ID 50 µm), 65 injections of methanol gave 1.94% RSD for the EOF. 
 
Table 2. EOF (µeo) in capillaries coated with different 1 mM liposome dispersions. 
Capillary Average µeo⋅10−8/ m2s-1V-1 
RSD (%) # of runs 
Uncoated 5.02 1.9 65 
POPC 100 mol% 2.06 20.7 35 
POPC/PS 80:20 mol% (ID 30 µm) 3.64 2.8 65 
POPC/PS 80:20 mol% (ID 50 µm) 3.83 6.0 65 
 
The stability of a more heterogeneous eggPC coating was also studied [III]. Coating the 
capillary with eggPC caused the EOF to decrease to about one-fourth the value for the 
uncoated fused silica capillary (from 3.6 · 10-4 to 0.9 · 10-4 cm2V-1s-1), which is similar 
to the results obtained with the POPC coatings [I]. The EOF was still toward the 
cathode, i.e., the capillary wall was still negatively charged. This result is in agreement 
with literature data, and suggests that the zwitterionic bilayers on the fused silica 
capillary wall have a slightly negative charge [120, 121].  The negative charge is due 
either to adsorption of negative ions from the solution or to non-Columbic electrostatic 
potential deriving from strong hydration of the phospholipid bilayer [78, 120]. 
 
The interactions between PC liposomes and the capillary wall were strong enough to 
yield a semipermanent coating; that is, liposomes were not present in the BGE solution. 
Still, the stability of the POPC and eggPC coatings was not very good. Even though the 
capillary was flushed with liposome dispersion between the runs (1 min with liposome 
dispersion, followed by 1 min BGE flush), the EOF increased slowly but steadily during 
six consecutive runs (90 min of high voltage (HV) exposure). The change was more 
than 5%. Evidently, the coating was slowly leaking out of the capillary.  
 
The separation of steroids (aldosterone, androstenedione, testosterone, 17α-
hydroxyprogesterone, and progesterone) was successful when liposomes containing 
POPC alone or POPC and PS were used as coating. The steroids were completely 
separated when the capillary was coated with POPC, but the coating was not stable and 
the migration times were long. Even though the EOF fluctuated, the electrophoretic 
mobilities of the analytes were almost constant in successive separations with all 
coatings. Figure 12 shows an electropherogram of the separation of the five steroids for 
the 18th run on the POPC-coated capillary. 
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Figure 12. Separation of five steroids (1 aldosterone, 2 androstenedione, 3 testosterone, 4 17α-
hydroxyprogesterone, and 5 progesterone in 10:90% (v/v) methanol/BGE) on a POPC-coated 
capillary (51.5/60 cm). Injection for 5 s at 50 mbar. Separation conditions: 20 kV, 25 ºC, 245 nm, 
BGE 40 mM HEPES at pH 7.4.  
 
Baseline separation of the steroids was achieved when the capillary was coated with 100 
mol% POPC or 80:20 mol% POPC/PS. Although the POPC/PS coatings were 
reasonably stable, our interest was neutral phospholipid coatings. Since PC alone did 
not yield a stable coating, the next logical step was to investigate how the coating 
stability could be improved. One way of improving the coating stability of neutral 
phospholipid membranes is to increase the rigidity of the membrane through the 
addition of divalent cations, CTAB, cholesterol or PEGylated lipids, or by working with 
phospholipids in the gel phase. These approaches were tested and the results are 
reported below. 
6.2.2 Addition of divalent cations 
Since calcium acts as a strong fusogenic agent for bilayer formation and performed well 
in earlier phospholipid coating studies [39, 84, 109, 122], study was made of the effect 
on stability of adding calcium [II, III] or magnesium [II] to the liposome dispersion 
during the coating step. The PC concentration was held constant at 0.75 mM and metal 
ions were added up to a molar ratio of 1:20 for PC/metal ion. The EOF as a function of 
number of injections is shown in Figure 13. In the first 10 runs, the capillary was 
flushed for 1 min with the liposome dispersion and 1 min with the BGE solution before 
each injection. In the following 10 runs, it was only flushed with the BGE solution, for 
2 min before each injection. The dotted line (Figure 13) indicates the change in flushing 
conditions.  
 
Both calcium and magnesium affected the phospholipid coating. For PC/Ca2+, the EOF 
was most strongly suppressed at a molar ratio of 1:3 and the stability of the coating 
(smallest RSDs for the EOF values) was then the best. In the case of PC/Mg2+, molar 
ratios of 1:3 and 1:10 gave the best and equally good results. Increasing the metal 
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concentrations to a molar ratio of 1:20 did not improve the coating stability, evidently 
because the PC membrane was saturated with metal ions. 
 
Calcium and magnesium form complexes with the phosphate groups of phospholipids 
and dehydrate them [34, 36], or they are immobilized into the membrane and cause 
conformational changes in the carbonyl region of PC [35]. A combined effect is also 
possible. The molar masses of calcium and magnesium are 40.1 and 24.1 g mol-1 and 
the ionic radii are 99 and 72 10-2 nm, respectively. In the case of immobilization in the 
phospholipid membrane, the size of the metal ion might determine how well it can be 
immobilized. Since magnesium is smaller it can more easily penetrate into the 
membrane, and a higher concentration of magnesium than of calcium can stabilize the 
coating. 
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Figure 13. Effect of 
a) Ca2+ and b) Mg2+ on 
the coating stability. The 
concentration of PC was 
0.75 mM and the 
PC/metal ion molar ratio 
varied between 1:0 and 
1:20. Capillary 30/38.5 
cm, ID/OD 50/375 µm. 
Injection of 0.05% 
DMSO in BGE solution 
for 2 s at 50 mbar. 
Separation conditions: 20 
kV, 25 °C, 215 nm. The 
dotted line indicates the 
change in flushing 
conditions from flushing 
1 min with liposome 
solution plus 1 min with 
BGE solution to flushing 
2 min with BGE solution. 
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As seen from the EOF values in Figure 13 (Figure 2 in paper II), neither metal ion was 
able to stabilize the coating well enough without a liposome dispersion flush between 
the runs. This was as expected, since the electrostatic interactions of divalent cations 
with zwitterionic liposomes such as PC [37] are weaker than interactions with anionic 
liposomes [31]. As noted by Garidel et al. [33], the addition of calcium or magnesium to 
lipid bilayers makes the bilayers more gel-like. Evidently, interaction with multivalent 
cations affects the packing of phospholipids in the bilayer [123].  
 
It is difficult to study basic proteins by electromigration techniques at neutral pH on an 
uncoated fused silica capillary because of the strong interactions between the negative 
silanol groups and the positively charged proteins. The shielding of silanols was 
examined by coating the capillary with eggPC [III], PC/Ca2+, PC/Mg2+ [II], PC/CTAB, 
and PC/CTAB/Ca2+ [III]. The interactions between the phospholipid coating and basic 
proteins were studied. 
 
A sample containing lysozyme, trypsin, ribonuclease A, and α-chymotrypsinogen A 
was injected into a PC/Ca2+-coated capillary (see Experimental section for molar masses 
and pI values). Figure 14 shows the plate numbers for the four proteins as a function of 
PC/Ca2+ molar ratio for separations with liposome flushes before each injection. The 
plate numbers are the average of six protein injections.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Plate numbers for lysozyme, trypsin, ribonuclease A, and α-chymotrypsinogen A 
as a function of PC/Ca2+ ratio.  The capillary was flushed for 1 min with liposome dispersion and 
for 1 min with BGE before each injection of proteins for 5 s at 50 mbar. The plate numbers are an 
average of six injections. BGE: 40 mM HEPES at pH 7.4. Separation conditions: capillary 30/37 
cm, ID/OD 50/375 µm; 20 kV; 25 °C; 215 nm. 
 
As can be seen from Figure 14 (Figure 4 in paper II), the plate numbers for ribonuclease 
A and α-chymotrypsinogen A increase with the amount of calcium. This might be 
because the coating becomes more positively charged at higher PC/Ca2+ molar ratios 
0
50000
100000
150000
200000
250000
300000
PC:Calcium molar ratio
N
/m
Lysozyme Trypsin Ribonuclease A Chymotrypsinogen A
1:1         1:4                        1:10                                        1:20  :1    1:4         1:10         1:20 
 40 
and repels the positively charged proteins. For lysozyme and trypsin the plate numbers 
reach a maximum at a molar ratio of 1:10. Lysozyme and trypsin interacted to some 
extent with the phospholipids or calcium, or with both.  
 
Most proteins contain some histidine or tryptophan on their surface and form complexes 
with heavy metals [124]. In immobilized metal ion affinity chromatography (IMAC), 
proteins are eluted from the gel in an order depending on the histidine or tryptophan 
content on the surface of the protein. Any metal ion with an excess of d-electrons is 
suitable for IMAC. The most popular metals are Ni2+, Cu2+, Zn2+, and Co2+, but Ca2+, 
which is an earth alkali metal, has been used as well. Since proteins have an affinity to 
calcium, the decrease in plate numbers for lysozyme and trypsin at PC/Ca2+ molar ratio 
1:20 might be due to the excess calcium in the coating. The RSDs for the migration 
times of the proteins in PC/Ca2+-coated capillaries were less than 4.5% for the runs with 
liposome flush before each injection, and as much as 9% when the capillary was only 
flushed with BGE before each injection. 
 
For further study of the phospholipid coating, comparison was made of capillaries 
coated with PC/Ca2+ (1:20) and PC/Mg2+ (1:20) (Table 3, Table 1 in paper II)). For both 
calcium and magnesium, the runs with liposome flush before each injection gave better 
RSDs of the migration times. As can be seen, in general the RSDs for magnesium are 
twice as large as the RSDs for calcium. 
 
Table 3. The RSD of the migration times for proteins separated on capillaries (30/37 cm, ID/OD 
50/375 µm) coated with PC/Ca2+ or PC/Mg2+ in molar ratio 1:20. Six runs were made with liposome 
flushes between the runs, and six runs with BGE flush between the runs. BGE solution: 40 mM 
HEPES at pH 7.4. Separation conditions: 20 kV, 25 °C, detection 215 nm. 
 
 PC/Ca2+, 1:20 PC/Mg2+, 1:20 
  Liposome flush BGE flush Liposome flush BGE flush 
Lysozyme 0.13 % 1.08 % 0.3 % 2.07 % 
Trypsin 0.43 % 1.77 % 0.3 % 2.59 % 
Ribonuclease A 0.28 % 2.48 % 0.5 % 3.84 % 
α-Chymotrypsinogen A 0.59 % 1.99 % 1.3 % 4.02 % 
 
Figure 15 (Figure 5a in paper II) shows the separations of proteins on PC/Ca2+(1:20)-
coated capillary. Lysozyme is tailing, probably because of the above-noted interactions 
with the coating. Proteins adsorb onto phospholipid surfaces [125], but to a lesser extent 
on phospholipids like zwitterionic PC. Holmlin et al. [126] showed that zwitterionic 
self-assembly monolayers terminating in a phosphatidylcholine headgroup reduce the 
adsorption of proteins from aqueous buffer but cannot eliminate it. α-
Chymotrypsinogen A decomposes slightly under the influence of trypsin, which works 
as a proteolytic enzyme. The other proteins in the sample may also be digested by 
trypsin to some degree. The presence of trypsin did not cause any major problems, 
however, since the sample was only used at 25 °C for a few hours, and a fresh sample 
was prepared each time a new coating was tested. 
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Figure 15. Protein separations on a fused silica capillary (30/37 cm, ID/OD 50/375 µm) coated 
with a) PC/Ca2+ (1:20) and b) PC/Mg2+ (1:20) in 40 mM HEPES at pH 7.4. Injection of 1 lysozyme, 
2 trypsin, 3 ribonuclease A, and 4 α-chymotrypsinogen A for 5 s at 50 mbar. Separation conditions: 
20 kV, 25 °C, 215 nm. 
 
In their study of a series of mono- and divalent metal cations, including calcium and 
magnesium, and zinc Binder et al. [37] found zinc to possess the strongest effect on the 
lipid phase behavior, followed by calcium. In view of that result, they proceeded to 
study the interaction of zinc with the PC coating. Zinc is a divalent ion but also a 
transition metal. Since zinc precipitates at pH 7.4 as Zn(OH)2, the experiments were 
carried out with HEPES at pH 6.5 (HEPES pKa ~ 7.5). Figure 16 (Figure 6 in paper II) 
shows a comparison of Zn2+ with Ca2+ and Mg2+ where a fused silica capillary was 
coated with PC/metal ion (molar ratio 1:20) and flushed between runs with the liposome 
dispersion. A protein sample was injected and the average plate numbers for the 
proteins were calculated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Plate numbers for proteins separated on a fused silica capillary (30/37 cm, ID/OD 
50/375 µm) coated with POPC and Zn2+, Ca2+, or Mg2+. PC/metal ion molar ratio of 1:20, in 40 mM 
HEPES at pH 6.5. The protein sample was injected for 5 s at 50 mbar and the separation was made 
at 25 °C at 20 kV with detection at 215 nm. 
1 
  2 
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4 
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The plate numbers for the proteins were lower at pH 6.5 than at pH 7.4 (cf. Figure 14). 
The plate numbers at pH 6.5 were similar in the presence of calcium and magnesium, 
but considerably lower in the presence of zinc, probably due to interactions between 
zinc and the proteins. The migration times of the proteins were similar for zinc, calcium, 
and magnesium (data not shown). The RSDs for the migration times were less than 1% 
when coating was done with PC and Zn2+, Ca2+, or Mg2+. Even though the plate 
numbers were worse when zinc was added, the stability of the coating was as good for 
zinc as for the other metal ions. 
6.2.3 Addition of cetyltrimethylammonium bromide 
At low concentrations (one-tenth or less of the CMC), alkyltrimethylammonium salts 
have a stabilizing effect on phospholipid membranes [44, 48, 49].  In this work, the 
concentrations of cetyltrimethylammonium bromide (CTAB) were chosen to be below 
one-tenth of the CMC [III]. The influence of CTAB on eggPC capillary coatings was 
investigated in the presence and absence of Ca2+ ion.  CTAB was added only to the 
liposome dispersion itself and was not present in the BGE solution. 
 
First, test was made of the effect of adding 3.8 µmol CTAB to the eggPC dispersion 
(equivalent to 0.5 mol% CTAB/eggPC) before extrusion. The resulting phospholipid 
coating suppressed the EOF very poorly. Evidently, adding CTAB to the liposome 
dispersion before extrusion changes the structure of the phospholipid bilayer in a way 
that disfavors its binding to the capillary wall.  
 
As a next attempt to improve the stability, CTAB was added to the phospholipid 
dispersion after extrusion. Four concentrations (0, 1.9, 3.8, and 5.6 µmol) were tested. 
Between runs the capillary was flushed for 1 min with the coating solution and then for 
1 min with the BGE solution to remove unbound liposomes. The initial EOF mobilities 
and the changes in EOF during six consecutive runs at each concentration are presented 
in Table 4 (Table 1 in paper III).  
 
Table 4. Effect of CTAB concentration on the EOF and on the stability of eggPC coating. 
CTAB was added to the coating solution after extrusion, and the capillary was flushed with 
liposome dispersion for 1 min between runs. 
 
CTAB (µM) 
 
Initial mobility     
(10-5 cm2V-1s-1) 
Change during six consecutive  
runs (%) 
0 
0* 
1.9 
3.8 
5.6 
3.8* 
8.6 
5.5 
5.3 
3.5 
2.8 
6.9 
5.33 
8.04 
4.97 
7.34 
8.90 
4.02 
*  2.25 mM of CaCl2 was added to the liposome dispersion. 
 
As can be seen, a low concentration of CTAB (1.9 µmol) had a slight stabilizing effect 
on the phospholipid coating. However, increasing the amount of CTAB (≥ 3.8 µmol) 
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did not further stabilize the phospholipid coating, even though the EOF was more 
suppressed (relative to plain eggPC coating). At higher CTAB concentrations the 
stability of the coating decreased, which indicates slight destabilization of the 
phospholipid membrane due to increased charge repulsion. The overall performance (in 
terms of baseline noise and disturbances) was improved. 
 
Experiments at the above-mentioned CTAB concentrations were also carried out 
without a liposome flush  between  the runs, but this caused the EOF to increase still 
more during the consecutive runs. As a next step both CTAB and Ca2+ were added to 
the coating solution [III]. The stability of the coating was similar to that reported in 
section 6.2.2 where only Ca2+ was added to the coating solution. Together the results 
demonstrate that adding CTAB to the liposome dispersion improves the stability of the 
capillary coating only at very low CTAB concentrations, and even then only to a small 
degree. Clearly, a quick flush of the capillary with the coating solution between runs is 
necessary. The reason why addition of CTAB to the liposome dispersion (before or after 
extrusion) did not improve the stability of the phospholipid coating may be the lack of 
CTAB in the BGE solution.  In all previous studies that have claimed a stabilizing effect 
of low CTAB concentrations on phospholipid vesicles and solid–supported 
phospholipid bilayers, the CTAB was also present in the surrounding solution [44, 48, 
49]. Our aim, however, was to have the BGE solution free from the coating material. 
 
In an attempt to decrease the electrostatic interaction between the zwitterionic PC and 
the basic proteins and so increase the peak efficiency and performance of the analysis, 
we added small amounts of CTAB to the coating solution after extrusion of the 
liposome dispersion [III]. The overall performance of the protein separation was 
improved by adding CTAB to the coating solution. The baseline became more regular, 
even though some irregularities occurred from time to time, due to changes in the 
coating. The signal-to-noise ratio as well as the peak efficiency for lysozyme and α-
chymotrypsinogen A, were better than for the 100% eggPC coating. The increase in 
peak efficiency revealed that interactions between the proteins and the phospholipid 
coating were suppressed.  
 
The ability of CTAB to suppress and even reverse the EOF in fused silica capillaries has 
been reported by several groups [84, 127, 128]. In the present work, CTAB may both 
modify the phospholipid coating and interact with residual silanol groups on the 
capillary wall. At CTAB concentrations higher than 15 µM, the migration times of the 
proteins became unreasonably long and the repeatability of the separation decreased 
dramatically (the RSDs for migration times and peak heights increased by over 20% for 
ribonuclease A and α-chymotrypsinogen A). The effect of CTAB on the phospholipid 
coating is not straightforward. On the one hand CTAB influences the interactions 
between proteins and the phospholipid membrane, improving the signal-to-noise ratio 
and peak efficiency and on the other hand it decreases the stability of the coating.  
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6.2.4 Adjustment of temperature 
Depending on the temperature of the environment, phospholipids exist in gel or fluid 
state. The phase transition behavior of liposomes has been reviewed by Taylor and 
Morris [129]. In the gel state, the hydrocarbon chains are fully extended and in trans 
conformation, and the polar head groups are relatively immobile. When the system is 
heated the phospholipids undergo transition to the fluid state, where the polar head 
groups are more mobile and the hydrocarbon chains are disordered ue to changes from 
all trans to trans and gauche conformations of the carbon bonds. The transition 
temperature depends on the nature of the polar head group and on the length and degree 
of saturation of the hydrocarbon chains [129]. The transition temperature increases with 
the degree of saturation and length of the hydrocarbon chain. Thus, DPPC, which is a 
fully hydrogenated long chain PC, has a higher Tm (41 °C) than POPC (-2 °C) or eggPC 
(-5 °C to -15 °C) [130]. 
 
Studies on the structure of phospholipid bilayers have shown that temperature strongly 
affects the bilayer thickness, the water content between bilayers, and the rigidity of 
bilayers [131]. Above Tm the bilayer thickness decreases due to shortening of the 
effective length of the hydrocarbon chains. At the same time the entropic motion of the 
chains increases causing the lateral area per lipid to increase with temperature [131]. 
6.2.4.1 Differential scanning calorimetric studies 
The surrounding temperature determines whether the phospholipid bilayer is in gel or 
fluid phase. The lipids also exist in other phases than the lamellar phase: for example, 
the ripple and inverted hexagonal phases. Whether the lamellar bilayer is in gel or fluid 
phase has a great impact on the coating stability and separations in CE. As noted above, 
with DPPC in the more rigid gel phase, the EOF is suppressed and the coating is highly 
stable. When liposomes are prepared by extrusion, as here, it is essential to keep the 
temperature of the lipid dispersion above the transition temperature (Tm). Differential 
scanning calorimetric studies were carried out to determine the Tm of the liposome 
dispersions. For the studies the extruded liposome dispersions were diluted with 40 mM 
HEPES (pH 7.4) to a total lipid concentration of 0.4−0.5 mM. Representative HSDSC 
heating scans of DPPC/chol (up to 30 mol%) mixtures are shown in Figure 17. 
 
Pure DPPC LUVs showed a sharp peak at 41.5 °C with an enthalpy change (∆H) of 
42.7 kJmol-1. A small pre-transition peak was observed at about 35 °C (not visible in 
Figure 17). When cholesterol was added to the DPPC dispersion the heat capacity peak 
became broader and the ∆H smaller. The main transition peaks of PC/chol and SM/chol 
bilayers displayed two superimposed heat capacity peaks [132, 133]. The sharp 
endothermic component results from melting of the cholesterol-poor and the broad 
component from the cholesterol-rich membrane domains. In PC MLVs, the pre-
transition has been shown to decrease with increasing amount of cholesterol [17]. 
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Figure 17. Microcalorimetric endotherms of DPPC/chol mixtures as a function of cholesterol 
content. Total lipid concentration of 0.5 mM in 40 mM HEPES, pH 7.4. 
Figure 18. Microcalorimetric endotherms of DPPC/SM/chol mixtures as a function of SM 
and cholesterol content. Total lipid concentration of 0.4 mM (0.5 mM for 70:0:30 mol%) in 40 mM 
HEPES, pH 7.4. 
 
As a move toward more natural membranes, binary and ternary mixtures of DPPC, SM, 
and cholesterol (Figure 18, Figure 1 in paper IV) were studied. The DPPC concentration 
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was kept constant at 70 mol%, while the amounts of SM and cholesterol were varied 
between 0 and 30 mol%. Increasing the cholesterol content in DPPC/SM/chol LUVs 
broadened the heat capacity peak, and at 30 mol% of cholesterol the peak was barely 
detectable. In addition, as the content of cholesterol was increased the main phase 
transition shifted toward higher temperatures (Figure 17). The binary and ternary 
mixtures of DPPC with SM and cholesterol behaved rather differently at higher 
cholesterol contents. For example, with 20 mol% cholesterol the heat capacity curves of 
DPPC/chol 80:20 mol% (Figure 17) and DPPC/SM/chol 70:10:20 mol% (Figure 18) 
were distinctly dissimilar. In contrast to the binary DPPC/chol mixtures, the ternary 
complexes showed two partly overlapping endothermic reactions (Figure 18). This is 
likely to be a consequence of the formation of cholesterol-poor and cholesterol-rich 
microdomains. 
 
Table 5 (Table 1 in paper IV) lists the enthalpies (∆H), half widths (T1/2), and 
maximums of the heat capacity curves (Tm) shown in Figures 17 and 18. At higher mole 
fractions of cholesterol, the enthalpies for the liposome dispersions decreased while the 
half widths increased. The enthalpies were also calculated in proportion to the total 
amount of phospholipid (cholesterol excluded) and in proportion to the amount of 
DPPC present in the liposome dispersion. The decrease in enthalpy was thereby 
confirmed to be due to cholesterol interaction with the bilayer and not to the decreasing 
phospholipid (DPPC and SM) or DPPC percentage.  
 
Table 5. The Tm, T1/2, and ∆H values for DPPC/SM/chol liposome dispersions measured by 
HSDSC. Experimental conditions: response time 5.6 s, scans 10-60 °C at a heating rate of 60 °C h-1. 
Before each scan, the sample (0.4−0.5 mM) was kept at 10 °C for 30 min. Runs were made twice for 
each dispersion and the values listed are for the second run.  
a
 Calculated on the basis of total amount of lipids, SM, DPPC, and cholesterol 
b
 Calculated on the basis of total amount of phospholipids, SM, and DPPC 
c
 Calculated on the basis of total amount of DPPC 
 
The calorimetric studies affirm that adding cholesterol to a liposome dispersion of 
DPPC or of DPPC and SM broadens the main phase transition and eliminates it at 
higher cholesterol concentrations (≥ 30 mol%). These DSC results are in good accord 
with the results of other groups [13, 132,134-136]. Anderson and McConnell [136] 
developed a thermodynamic model describing the reaction between cholesterol and 
DPPC/SM/chol Tm (°C) T1/2 (°C) ∆H(kJ/mol)a ∆H(kJ/molp-lipid)b ∆H(kJ/molDPPC)c
100:0:0 mol% 41.5 1.6 42.7 42.7
90:0:10 mol% 40.9 2.1 29.8 33.1
80:0:20 mol% 41.4 8.0 20.3 25.4
70:0:30 mol% 43.7 38.2 5.8 8.3
70:30:0 mol% 39.6 2.1 28.0 28.0 39.9
70:25:5 mol% 38.9 2.9 26.8 28.2 38.2
70:20:10 mol% 39.1 2.7 25.6 28.4 36.6
70:15:15 mol% 38.9 5.3 19.6 23.0 28.0
70:10:20 mol% 41.0 7.2 17.7 22.1 25.2
70:5:25 mol% 42.2 9.3 10.7 14.2 15.2
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phospholipids to form a condensed complex. In their studies, pure DPPC dispersions 
showed a sharp peak at 41 °C, but with increasing amount of cholesterol, the 
endothermic transition became weaker until, at ≥ 25% cholesterol, it disappeared. A 
second, broad transition became visible at higher temperature at 10% cholesterol. The 
sharp peak is due to the chain melting of pure phospholipid. Figure 18 reveals an 
interesting phenomenon in the curves obtained with DPPC/SM/chol ratios of 70:15:15 
mol% and 70:10:20 mol%. Apparently, there are two, partly overlapping endothermic 
transitions. This might be due to phase separation in the ternary liposome mixture. The 
phase separation might be interesting if the domains were to behave differently in 
lipid−lipid or lipid−protein interactions. Relevant to this, domains enriched in certain 
types of lipids, such as sphingolipids and cholesterol, are believed to function as 
platforms for cellular signaling transduction. If so, these domains would interact with 
only certain types of proteins or peptides. Accordingly, the method developed here may 
be suitable for defining the interacting partners in heterogeneous lipid assemblies.  
 
Spink et al. [137] observed that the decrease in the temperature of the heat capacity 
peak maximum with addition of cholesterol is nonlinear. At higher concentration the 
nonlinear decrease might be due to the second, broad component of the transition. The 
sharp main transition peak from the acyl chain melting disappears at concentration of 
20-25 mol% cholesterol, allowing the second, broader peak to dominate in the heat 
capacity curve [17]. This is probably the main reason why in Figure 17 the Tm seems to 
increase for DPPC/chol dispersions at higher amount of cholesterol, rather than to 
decrease as was expected from the results of Anderson et al. [136] and Spink et al. 
[137]. The enthalpies for the liposome dispersions at higher mole fractions of 
cholesterol decreased, as also observed by others [17]. The decrease in enthalpy is due 
to cholesterol causing fluidization (disordering) of the hydrocarbon chains of PC in the 
gel phase and inhibiting the flexing of chains in the liquid-crystalline phase [13]. 
Cholesterol intercalates between the acyl chains and diminishes the chain−chain 
interactions [138].  
6.2.4.2 Coating and running temperatures 
The effect of the temperature-induced gel- to fluid-state transition on the coating 
stability was investigated by studying DPPC above and below its Tm (41°C). Puu and 
Gustafson [28] found DPPC to exhibit much better fusion than POPC when 
proteoliposomes containing 50% of DPPC or POPC were transferred onto platinum or 
silicon supports. They suggested that nonperfect liposomes, prepared under their 
transition temperature, might more easily form planar lipid membranes than liposomes 
prepared at higher temperature. The capillary was coated as described in the 
experimental section (Chapter 5). After coating, the capillary was flushed for 2 min with 
BGE solution to remove unbound liposomes. Before the runs were started, a 20-min 
period was allowed for heating (from 25 °C to 45 °C) or cooling (from 45 °C to 25 °C) 
the capillary. Four different systems were investigated: working at 1) 25 °C or 2) 45 °C 
during both coating and runs, 3) coating at 25 °C with runs made at 45 °C, and 4) 
coating at 45 °C with runs made at 25 °C. Between the runs the capillary was flushed 
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with BGE solution for 2 min. The stabilities of these four systems during runs are 
presented in Figure 19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Effect of temperature on stability of DPPC coating with and without calcium. 
Coating and running temperatures were as follows: symbols on left; coating and runs at 25 °C or 45 
°C; symbols on right: coating at 25 °C and runs at 45 °C, coating at 45 °C and runs at 25 °C. 40 
mM HEPES at pH 7.4 was used as BGE solution. Injection of methanol for 2 s at 50 mbar. 
Separation conditions: voltage 20 kV, UV detection 200 nm 
 
As seen from Figure 19, the coating is most stable and the EOF most strongly 
suppressed when both coating and runs are done at 25 °C. The EOF is much less 
suppressed with coating and runs at 45 °C, and it increases with each injection evidently 
owing to some leak of lipids out of the capillary. Coating at 25 °C with runs at 45 °C 
shows an initial suppression of the EOF to almost the same level as when both coating 
and runs are made at 25 °C. With continued heating at 45 °C, however, there is a similar 
trend as for coating and heating at 45 °C because the liposomes are transferred to their 
fluid state and leak out of the capillary. With the fourth system (coating at 45 °C, runs at 
25 °C) the EOF is less suppressed, but after cooling of the capillary to 25 °C the EOF is 
stable and the liposomes do not leak out of the capillary because they are in the gel 
state. 
 
In addition, the effect of calcium on the DPPC coating was studied. The same four 
systems were used but with the addition of Ca2+ to the DPPC dispersion (molar ratio 1:3 
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for DPPC/Ca2+) (Figure 19). Adding calcium generally improved the coating by 
lowering and stabilizing the EOF. For the system where both coating and runs were 
made at 25 °C, however, calcium did not affect the coating, suggesting that working in 
the gel state does not require the addition of calcium. The mean electroosmotic mobility 
of 10 runs with DPPC was ~ 0.3⋅10-8 m2s-1V-1, whereas for both PC/Ca2+ (1:3) and for 
PC/Mg2+ (1:3) it was ~ 0.6⋅10-8 m2s-1V-1. The coating is clearly better when the 
liposomes are in the gel state because the liposomes are then more rigid.  
6.2.5 Addition of cholesterol 
Cholesterol minimizes the movement of the acyl chains in the bilayer by changing the 
amount of trans-gauche isomers, as discussed in section 6.2.4.1, and it makes the bilayer 
more rigid and gel-like [130]. Thus, a logical next step was to investigate how 
cholesterol affects the stability of a DPPC/SM coating on fused silica. The effect of 
cholesterol (0-30 mol%) on the stability of DPPC coatings is shown in Figure 20. In 
addition, the effect of working at different temperatures was studied for the 
DPPC/SM/chol coatings. [IV] The coatings and runs were made at 25 °C and 45 °C, 
i.e., with the phospholipid phase in gel and fluid phases, respectively.  
 
Although a mixture of DPPC and cholesterol is often used as a model bilayer for natural 
membranes, the composition is significantly different from the phospholipid and fatty 
acid composition of natural membranes. As many as 500-1000 lipid species are present 
in a natural membrane [139]. Although a bilayer consisting of DPPC, SM, and 
cholesterol is thus a gross simplification of a natural membrane, it gives a good idea of 
how membrane-like bilayers might coat a capillary.  
 
The DPPC coating in the gel phase (25 °C) is already highly stable without cholesterol 
(Figure 19). Adding up to 30 mol% cholesterol does not affect the coating stability. The 
EOF is slightly faster for the cholesterol-containing coating than the pure DPPC 
coating, but the EOF (DMSO as marker) is still below 1×10-8 m2V-1s-1, and the free 
silanols on the inner surface of the silica capillary are evidently well shielded by the 
coating. For runs at 45 °C the EOF of the DPPC coating increases from 1.5 ×10-8 m2V-
1s-1 to 3.5 ×10-8 m2V-1s-1 over ten runs, suggesting that the coating is slowly leaking out 
of the capillary. When 10 or 20 mol% cholesterol is added to the DPPC dispersion in 
fluid phase, the EOF only increases by 1.5 units over 10 runs. With 30 mol% 
cholesterol the EOF is suppressed to about 3.5 ×10-8 m2V-1s-1 in the first run, but the 
increase in the EOF over 10 runs is less than 0.5 units. Since even here the EOF is lower 
than for the uncoated capillary (6.7 ×10-8 m2V-1s-1 at 45 °C), the silanol groups must be 
shielded by the phospholipid coating. The stability of the EOF is probably due to a 
change in the physical properties of the lipid coating. 
 
For comparison, results for POPC 100 mol%, POPC/chol 70:30 mol%, and 
POPC/DPPC 50:50 mol% coatings at 25 °C are included in Figure 20 (Figure 2 in paper 
IV). At 25 °C POPC is in the fluid phase, and the coating stability is improved by 
addition of 30 mol% cholesterol. The DPPC/chol 70:30 mol% coating (45 °C) is 
comparable with the POPC/chol 70:30 mol% coating (25 °C) taking into account the 
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faster EOF at higher temperature (4.9 ×10-8 m2V-1s-1 at 25 °C; 6.7 ×10-8 m2V-1s-1 at 45 
°C) due to the lower viscosity of the BGE solution. The POPC/DPPC 50:50 mol% 
coating is highly stable. The EOF of the POPC/DPPC 50:50 mol% coating is faster than 
that of the pure DPPC coating, but the stability is improved over that of the pure POPC 
coating. Protein separations were also carried out on DPPC-coated capillaries. A sample 
of lysozyme, ribonuclease A, and α-chymotrypsinogen A was injected to a capillary 
coated with DPPC in 40 mM HEPES at pH 7.4. The RSDs for the migration times of 
the proteins on the DPPC-coated capillary were less than 1%, and the plate numbers 
were max. 100 000 m-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Effect of increasing of molar percentage (0-30 mol%) cholesterol on the EOF of 
the DPPC coating at 25 °C and 45 °C. For comparison, curves of the stability of a POPC 100 mol%, 
POPC/chol 70:30 mol%, and POPC/DPPC 50:50 mol% coatings are included in the figure. The 
fused silica capillary (30.0/38.5) cm was preconditioned and coated with 1 mM liposome dispersion 
(except for DPPC 100 mol% where the concentration was 0.75 mM). Injection of 0.05 % DMSO for 
2 s at 50 mbar. Separation conditions: 20 kV, 25 °C or 45 °C, 200 nm.  
 
Next, the coating stability was studied for a ternary mixture of DPPC, SM, and 
cholesterol (see Figure 21, Figure 3 in paper IV). The pure DPPC coating still has the 
lowest electroosmotic mobility. Although the electroosmotic mobility is significantly 
higher for the coatings with SM 100 mol% and SM/chol 70:30 mol% than for the rest of 
the coatings, the suppressed EOF suggests that the capillary remains coated. Adding 30 
mol% SM to a DPPC coating increases the electroosmotic mobility, but the EOF is still 
suppressed and the coating is stable. The stability of the coating is preserved with 
increasing amounts of cholesterol in place of SM, but no trend is apparent in the 
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electroosmotic mobility. The small differences in mobility for the different liposome 
mixtures are probably due to normal variation from one coating to the next.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Effect of cholesterol on the EOF in DPPC- and SM-coated capillaries. The fused 
silica capillary (30.0/38.5) cm was preconditioned and coated with 1 mM liposome dispersion as 
described in the experimental section. Injection of DMSO for 2 s at 50 mbar. Separation conditions: 
20 kV, 25 °C, 200 nm. 
 
I wished to know if there is a range where the coating stability is improved by favorable 
interaction of cholesterol with SM or DPPC. As already noted, cholesterol preferentially 
interacts with saturated PCs [22], and therefore it favorably interacts and forms a liquid-
ordered phase upon mixing with DPPC, as well as with the structurally similar SM 
[140, 141]. The optimal carbon chain length for cholesterol to hydrophobically match 
the PC acyl chains in the bilayer was found by McMullen et al. [18] to be 17 or 18. At 
shorter chain lengths, they suggest, the gel phase is stabilized by cholesterol. Guo et al. 
[27] compared the interaction of cholesterol with SM and DPPC by solid-state NMR 
spectroscopy and found that the interactions are generally similar, owing to the 
similarity of the fatty chains of SM and DPPC. They also proposed that cholesterol 
might interact specifically with SM in a natural membrane because the degree of 
unsaturation is lower for SMs in a natural membrane than for PCs. 
 
The results (Figure 21) indicate that liposomes prepared with various amounts of 
cholesterol and SM (up to 30 mol% total) added to a DPPC dispersion can provide a 
highly stable coating on a fused silica capillary. Since the EOF is considerably 
suppressed, the coverage of the phospholipid coating on the silica surface is good. The 
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structure and role of membrane rafts in cell functions have been studied extensively, as 
reviewed in refs. 25, 26, 142. The rafts in cell membranes are probably liquid-ordered-
like domains, which are intermediate between the gel and the liquid-crystalline phase 
[143]. For mixtures of cholesterol and phospholipids, the liquid-ordered-like domain 
emerges at cholesterol concentrations above 25% [136]. The results demonstrate that 
adding up to 30 mol% cholesterol, i.e., making the coating solution more similar to a 
natural membrane, does not disturb the bilayer formation or the coating stability at 25 
°C. The findings suggest the suitability of this kind of coating as a model for studying 
membrane−analyte interactions. In runs at 45 °C, the EOF of the DPPC 100% coating 
increased when several injections were made to the same capillary, suggesting that, the 
increase in fluidity caused the coating to leak out of the capillary. This increase in EOF 
was expected since the rigidity of the coating is important in maintaining its stability in 
the capillary. Clearly some kind of PC base for the coating solution is needed, and, 
indeed, natural plasma membranes have PC as a major component. 
6.2.6 Addition of polyethylene glycol phospholipids 
PEGylated lipid aggregates are a promising new class of membranes for drug-delivery. 
The PEG polymer stabilizes the lipid carrier and prolongs the residence time in the 
blood circulation. In study V the suitability of PEG aggregate as coating material for CE 
was investigated as well as the differences in properties (size, surface charge, and 
hydrophobicity) of the PEG lipids. Commercial phospholipids with covalently attached 
PEG chains were added to POPC liposomes. The PEG lipids consisted of PEG of 
different molar masses (1000, 2000, and 3000) conjugated to phospholipids DMPE 
(C14) of DSPE (C18).  
6.2.6.1 Sizes and zeta potentials 
A comparison of the sizes of PEGylated vesicles was carried out with DSPE-PEG 
(molar masses 1000, 2000, and 3000) and POPC/DSPE-PEG molar ratio of 80:20 
mol%. The average diameters were measured by AsFlFFF and DLS (633 nm) (Table 6). 
The POPC/DSPE-PEG3000 dispersion was additionally measured at 488 nm, and gave 
a diameter of 76±6.5 nm (n=3 and the polydispersity index was 0.175−0.194). In 
general, the vesicle sizes decreased as PEGs with higher molar mass were attached. This 
decrease in size was expected to occur, owing to steric repulsion among the PEG chains 
[144]. AsFlFFF revealed two peaks for the POPC/DSPE-PEG2000 sample but DLS 
only one peak. Clearly, there is an advantage to using a separation method (AsFlFFF) in 
the determination of heterogeneous particle solutions. The AsFlFFF results suggest that 
both liposomes and discoidal micelles are present in the POPC/DSPE-PEG 2000 
dispersion, and this finding was confirmed by EM (Figure 2 in Paper V). The presence 
of several different structures in DSPE-PEG2000 preparations was recently 
demonstrated [145]. Investigation by EM indicated that the POPC/DSPE-PEG3000 
sample was dominated by discoidal micelles (Figure 2 in Paper V). The predominance 
of discoidal micelles over liposomes thus increased with increase in the PEG chain 
length, while the average size of the vesicles decreased. For comparison, the sizes of 
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POPC/DMPE-PEG3000 aggregates (DMPE-PEG has a shorter acyl chain than DSPE-
PEG) were determined by DLS. Unexpectedly, the results (Table 6, Table 1 in paper V) 
showed that there was no shrinkage of the liposomes, despite the high molar mass of the 
DMPE-PEG3000 lipid. Evidently, the acyl chains of the PEG lipid affect the size of the 
liposomes. 
 
Table 6. Sizes measured by AsFlFFF, DLS at 633 nm (size by volume), and AFM, and zeta 
potentials of POPC (100 mol%) and 80:20 mol% POPC/PEGylated aggregates.  
Lipid dispersion AsFlFFF (nm) DLS (nm)  AFM (nm) Zeta potential   (mV) 
POPC  98 ± 3.0 98 ± 3.0   -18.7 ± 2.0 
POPC/DSPE-PEG1000 108 ± 8.5 79 ± 1.1  84 ± 32 -16.1 ± 1.2 
POPC/DSPE-PEG2000 59 ± 8.4; 
21 ± 15.8 
69 ± 5.9  56 ± 15 -9.4 ± 0.8 
POPC/DSPE-PEG3000 65 ± 6.0 53 ± 6.2  45 ± 10 -3.9 ± 0.7 
POPC/DMPE-PEG3000  104.1 ± 2.1   -13.1 ± 2.6 
 
The electrical surface potential of PEGylated liposomes is the electrical potential 
determined in the plane of the negatively charged phosphate group of the phospholipid. 
The zeta potential, on the other hand, is the electrokinetic potential determined farther 
away from the actual lipid headgroup plane (where the electrostatic potential equals the 
zeta potential) and closer to the boundary between the fixed and mobile electrical parts 
of the Stern double layer. The zeta potential is therefore a function of the surface charge 
of the particle and the nature and composition of the surrounding suspension medium.  
 
Zeta potentials were measured to obtain a better understanding of the PEGylated 
aggregates. The data in Table 6 show a clear difference between the absolute values of 
the zeta potentials of the PEGylated aggregates and the value obtained for pure POPC 
vesicles (-18.7 ± 2.0 mV). The higher the molar mass of PEG (i.e., the longer the PEG 
chain), the lower is the surface charge of the vesicles. This can be explained in terms of 
shielding of the negatively charged vesicle surface by the exposed PEG chains, which 
decreases the zeta potential of the vesicle [146, 147].  However, the zeta potential of the 
POPC/DMPE-PEG3000 aggregates was about -13 mV, which shows that the shorter 
C14 chains of the DMPE-PEG lipid clearly affect the packing of the lipids in the 
liposome.  
6.2.6.2 Aggregates as capillary coating material 
Experiments aimed at optimizing the molar ratio of POPC to PEG lipids were carried 
out with DSPE-PEG3000. A new capillary was used for each liposome composition. 
Capillaries were coated with the PEGylated lipid dispersions, and 36 injections of the 
EOF marker were made to each capillary. Between runs there was only a short flush (2 
min) with the BGE solution (Figure 22, Figure 3 in paper V). 
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Figure 22. EOF values of POPC/DSPE-PEG3000 coatings of various molar ratios 
(100:0−0:100 mol%). Lipid solvent and BGE solution was HEPES pH 7.4 (ionic strength of 9 mM). 
Running conditions: capillary 23.5/32.0 cm; voltage 20 kV; temperature 25 °C; injection of EOF 
marker (DMSO sample) 2 s 50 mbar; UV detection at 200 nm. 
 
As shown in Figure 22, highly stable coatings with strongly suppressed EOFs (∼1.5·10-8 
m
2s-1V-1) were obtained with 80:20 mol% and 91:9 mol% of POPC/DSPE-PEG3000 
dispersions. Increasing the amount of DSPE-PEG3000 to 34 mol% suppressed the EOF 
slightly below that of the 80:20 composition, but the repeatability of the injection was 
poorer. With 50 mol% DSPE-PEG3000 in the dispersion, the EOF was stable but higher 
than with pure POPC. Higher portions (66−100 mol%) of DSPE−PEG3000 in the lipid 
dispersion decreased the coating stability.  
 
Earlier studies have shown that there is a maximum amount of PEG lipid that can be 
included before structural destabilization of the liposome occurs. At concentrations 
above 10 mol% of DSPE-PEG2000, liposomes are disrupted into large bilayer disks 
[148, 149]. In addition, discoidal micelles are formed at low PEG-lipid concentrations 
(<5 mol%) in mixtures of DPPC or DSPC with PEG lipids [150], and when DSPE-
PEG2000 was added to an extruded eggPC sample open bilayer aggregates appeared as 
an intermediate structure before micelle formation [151]. The acyl chains of PC are of 
importance, however, because when eggPC vesicles are mixed with DSPE-PEG2000, 
micelle formation occurs at PEG-lipid concentrations above 10 mol%. In general, an 
increase in the PEG-lipid concentration in the lipid mixture increases the lateral 
repulsive properties of the surface of the lipid bilayer through extensive hydration 
around the polar head group [152]. As a means to reduce the degree of repulsion, the 
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vesicles then contract while the curvature of the grafting surface increases. A change in 
the structure and surface properties of the vesicles with increasing amount of PEG-
lipids, resulting in changed packing on silica, would partly explain the variations in 
EOF observed in this work. As mentioned above, a highly suppressed and stable EOF 
was achieved with the 80:20 mol% POPC/DSPE-PEG3000 dispersion, and this molar 
ratio was used in subsequent experiments.  
 
In the next step we evaluated the effects on EOF of the acyl chains and molar mass of 
PEG in the PEGylated lipid. The results in Figure 23 (Figure 4 in paper V) show that 
the lowest EOF was obtained with the POPC/DSPE-PEG3000 coating and the next 
lowest with the POPC/DSPE-PEG2000 coating. All PEGylated dispersions gave stable 
coatings. The highest EOF values were for dispersions containing PEG1000 lipids. 
Inspection of the sizes of the different POPC/DSPE-PEG lipid aggregates (given in 
Table 6) shows that the POPC/DSPE-PEG1000 liposomes tended to be much larger 
than the corresponding PEG2000 and PEG3000 aggregates. Hence, one explanation of 
the higher EOF values with the POPC/DSPE-PEG1000 liposomes than with the two 
other lipid dispersions could be the larger size of the POPC/DSPE-PEG1000 
aggregates, which leads to poorer packing and less effective shielding of the silanol 
groups on the capillary wall.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Influence of the acyl chain length and molar mass of PEG lipids on the formation 
of coatings for electrophoresis. The coating solutions comprised 1 mM 80:20 mol% POPC/PEG 
lipid in 20 mM HEPES pH 7.4. Running conditions as in Figure 22. 
 
QCM and AFM measurements were carried out to test this hypothesis. In a study of 
negatively charged liposomes of sizes around 100 nm by QCM, Viitala et al. [111] 
found that, depending on the lipid and the composition of the buffer solution, two 
 
 
 
 
 
 
 
 
 
 
µ
 
 
 
 
 
 
 
 
 
 
µ
 
 
 
 
 
 
 
 
 
 
µ
 
 
 
 
 
 
 
 
 
 
µ e
o
⋅⋅ ⋅⋅
10
-
8 m
2 V
-
1 s
-
1  
 56 
distinct structures appeared: a rather rigid supported lipid bilayer (SLB) and a 
viscoelastic supported vesicle layer (SVL). The results of our QCM measurements of 
the adsorption of the PEGylated lipid aggregates onto silica showed an increase in the 
absolute frequency change, the standard deviation of normalized frequencies, the 
resistance, and the adsorbed mass with the size of the attached PEG. The increases in 
the standard deviation for the normalized frequencies and the resistance values with 
increasing PEG chain length indicate that, relative to other lipid aggregates, those with 
longer PEGylated chains adsorb in greater amount on the silica surface, and also form a 
more viscoelastic layer when they are adsorbed.  
 
 
Figure 24. AFM images (5 µm × 5 µm) of PEGylated lipid aggregates of (A) POPC/DSPE-
PEG1000, (B) POPC/DSPE-PEG2000, and (C) POPC/DSPE-PEG3000 coated in 1 mM 
concentrations on fused silica capillary outer walls. Figure (D) is a 1.6 µm × 1.6 µm image of a 
capillary wall covered with a 0.2 mM concentration of POPC/DSPE-PEG3000.   
 
AFM studies were carried out on PEGylated lipid aggregates on the outer walls of fused 
silica capillaries. Variations can be seen (Figure 24, Figure 5 in paper V) in particle size 
and surface interaction, ranging from large disperse liposomes in A to smaller particles 
C D 
A B 
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showing evidence of monolayer formation in B, and a rough coating of lipid aggregates 
in C.  A 1.6 µm × 1.6 µm image (D) of a capillary wall covered with a 0.2-mM 
concentration of POPC/DSPE-PEG3000 gave evidence of small discoidal micelles in a 
sparser coating of the surface. The sizes of the lipid aggregates determined by AFM 
corresponded well with the sizes obtained by the other techniques. The thicknesses of 
the disks were 9.4±2.79 nm. 
 
Comparison of the effect of the acyl chains (C14 vs C18) in PEGylated lipids with the 
same PEG moiety showed that, in all cases, EOF values were lower with the DS (C18) 
conjugates. The effect was pronounced in the case of the PEG3000 lipid aggregates. 
Noteworthy was the lower EOF and, correspondingly, lower net negative charge of the 
POPC/DSPE-PEG2000 coating than of the POPC/DMPE-PEG3000 coating. Here, 
clearly other factors than simply the molar mass of the PEG lipid were playing a role. 
The zeta potential of the POPC/DSPE-PEG2000 aggregates was about -9 mV, whereas 
that of the POPC/DMPE-PEG3000 aggregates was about -13 mV. In addition, the 
POPC/DSPE-PEG2000 aggregates were smaller than the POPC/DMPE-PEG3000 
aggregates. Hence, the lower net negative charge of the POPC/DSPE-PEG2000 coating 
than of the POPC/DMPE-PEG3000 coating was probably due to a combination of 
smaller size and lower charge of the POPC/DSPE-PEG2000 aggregates. As shown by 
AFM and QCM, the smaller the particles the better is the packing of aggregates and 
shielding of silanol groups on the silica wall (i.e., the lower is the EOF), and further, the 
lower the liposome surface charge, the lower is the EOF of the coating.  
 
The shielding effect of the PEGylated lipids in the lipid aggregates against lipid−analyte 
interactions was studied (paper V) through injection of a mixture composed of low-
molar-mass (MWs 266−360 g mol-1) drugs atenolol, aldosterone, testosterone, and 
dichlorophenamide (UV detection). POPC/DSPE-PEG1000, POPC/DSPE-PEG2000, 
and POPC/DSPE-PEG3000 80:20 mol% lipid dispersions were used as coating 
material. Comparison of the effective electrophoretic mobilities of atenolol with the 
different coatings showed that there were no strong interactions of the positively 
charged analyte with the PEG-lipid membranes under these conditions (HEPES pH 7.4). 
Aldosterone, which is a steroid-based analyte with a log Po/w value of ca. 0.7, did not 
have strong hydrophobic interactions with any of the membranes. With testosterone, 
which is the most hydrophobic analyte of those tested (log Po/w value of ca. 3.5), there 
were some interactions with the PEGylated lipid coatings. Dichlorophenamide (log Po/w 
value of ca. 0.9), too, interacted fairly strongly with the phospholipid coatings. The 
separation results show that the higher the molar mass of the PEG lipid, the weaker are 
the interactions between small drugs and the membranes.  
 
Interactions between PEGylated lipid aggregates and low-molar mass analytes were 
further studied with a mixture of nine FITC-labeled amino acids (LIF detection). The 
absolute migration times of the FITC-amino acids in coated capillaries were compared 
with data from an uncoated capillary. The best migration time repeatabilities (n=5) were 
seen with the POPC/PEG3000 dispersion (RSDs 0.3−1.5%) and with POPC/PEG2000 
(RSDs 0.5−2.6%). However, with POPC/PEG1000 as coating the values were between 
2.9 and 7.3%. With the uncoated capillary the migration times of the FITC-amino acids 
 58 
decreased considerably from run to run (RSDs 3.4−6.3%). The corresponding 
electropherograms are shown in Figure 25 (modified from Figure 7 in paper V).  
 
Figure 25. Electropherograms of FITC-labeled amino acids with lipid aggregates as coating 
material (CEC). Running conditions: BGE HEPES pH 7.4, ionic strength 9 mM (CEC); capillary 
23.5/32 cm; voltage -30 kV (uncoated capillary +30 kV); temperature 25°C; sample injection 2 s 50 
mbar; LIF detection at 488 nm. Peak numbering: FITC-labeled 1) aspartic acid, 2) glutamic acid, 
3) alanine, 4) phenylalanine, 5) threonine, 6) tryptophan, 7) histidine, 8) arginine, 9) lysine. 
 
The results revealed that the acyl chains of the PEG lipid influence the packing of the 
liposome membrane; the packing and shielding of charges were less effective with the 
C14 (DM) chains than the C18 (DS) chains. 
6.2.7 Addition of cetyltrimethylammonium bromide in the coating 
In an attempt to alter the surface charge of the POPC/DSPE-PEG3000 coating, we 
include the positively charged surfactant CTAB in the coating solution. Figure 26 
presents EOF values during successive runs. As expected, the EOF was suppressed as 
the molar ratio of CTAB was increased. One interesting feature is seen in Figure 26; 
namely, CTAB has to be included in the coating solution before extrusion in order to 
achieve a stable coating. If CTAB is mixed into the coating solution after extrusion it is 
evidently not properly fixed in the bilayer and leaks out when runs are made.  
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Figure 26. EOF values of POPC/DSPE-PEG3000 coatings with CTAB. Lipid solvent and 
BGE solution was HEPES pH 7.4. Running conditions: capillary 23.5/32 cm, voltage 20 kV, 
temperature 25°C, injection of EOF marker 2 s 50 mbar, UV detection at 200 nm. 
6.3 Human red blood cell ghost lipid coating 
After successful testing of liposome dispersions with different amounts of cholesterol, 
SM, and DPPC (see section 6.2.5), it was logical to move still further toward natural 
membranes. Since the bilayer of DPPC, SM, and cholesterol lacks the complex 
assembly of a cellular membrane, fused silica capillaries were next coated with human 
RBC ghost lipids. In a recent study on the main lipid components of human erythrocyte 
membrane [10], the cholesterol concentration was determined to be 54.0%, while the 
phospholipid concentrations of SM, PC, PS/phosphatidylinositol, and 
phosphatidylethanolamine were 12.1%, 16.7%, 6.4%, and 10.8%, respectively. 
 
The results demonstrated that the capillary can be successfully coated with RBC ghost 
lipids. Two RBC liposome dispersions were prepared from the same stock solution, and 
a fresh capillary was coated at 25 °C with dispersions that were one day, one week, and 
two months old. In the case of the first RBC dispersion, the EOF was suppressed to 
2.3−2.8 ×10-8 m2V-1s-1 (average of six runs), and the relative standard deviations (RSD) 
were 1.0−3.7%. In measurements on the second RBC dispersion, the EOF varied 
between 2.8 and 3.5 ×10-8 m2V-1s-1 and the RSDs between 1.1 and 2.6% over two 
months.  
 
In addition, the stability of the RBC ghost lipid coating was studied at different 
temperatures (Figure 27, Figure 4 in paper IV). The six runs each at 25 °C, 37 °C, and 
45 °C were made with the same capillary starting from the lowest temperature. Given 
the normal change of EOF with temperature and the slight increase in EOF due to the 
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previous runs at lower temperatures, it was clear from the suppression and stability of 
EOF at each temperature that the capillary was well coated with the RBC ghost lipids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. Change in EOF due to increasing temperature in a RBC ghost lipid-coated 
capillary (50.0/58.5 cm). Injection of 10% methanol for 5 s at 50 mbar, six separations each at 25 
ºC, 37 ºC, and 45 ºC with a voltage of 20 kV, BGE 40 mM HEPES at pH 7.4, and detection at 200 
nm. 
 
RBC ghost lipids differ from the above artificial lipid mixture in that they contain a vast 
number of different phospholipids (variation in the head groups and fatty acid 
composition) [10]. The fused silica capillary was well coated with the RBC ghost lipids 
and the stability was good. The RBC ghost lipid coating was stable at the temperatures 
tested: 25 °C, 37 °C (physiological temperature), and 45 °C.  
 
A group of steroids was also separated on a capillary coated with RBC ghost lipids. 
Figure 28 (Figure 5 in paper IV) displays the separation achieved in runs 1, 6, and 18 on 
a capillary coated with RBC ghost lipids. Although the model steroids (aldosterone, 
androstenedione, testosterone, 17-OH-progesterone, and progesterone) were not all 
baseline separated, there were hydrophobic interactions with the lipid phase, as is 
clearly seen for progesterone. The migration order of the steroids was determined by 
injecting each steroid separately. The separation was maintained in the 18th run, but the 
analysis time was prolonged. The EOF decreases as the negative charge of the coating 
decreases. Since the separation is maintained, the bilayer stability is still good, but some 
reorganization in the bilayer may have taken place leading to changes in the bilayer 
charge density or to coverage of the negative charges of the membrane lipids. The RBC 
ghost lipid extract may also contain small amounts of salts or protein residues, and the 
charge is affected when these are flushed out of the bilayer. 
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Figure 28. Comparison of the separation of steroids (1 aldosterone, 2 androstenedione, 3 
testosterone, 4 17-OH-progesterone, and 5 progesterone in 5:95% (v/v) methanol/BGE) for the 1st, 
6th, and 18th runs on a RBC ghost lipid-coated capillary (50.0/58.5 cm). Injection for 5 s at 50 mbar. 
Separation conditions: 20 kV, 25 ºC, 245 nm, BGE 40 mM HEPES at pH 7.4. 
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7 CONCLUSIONS 
There is a growing interest in natural membranes and especially in membrane rafts and 
lipid−lipid interactions. An important focus has been the development of useful 
methods for lipid−protein and lipid−drug interactions. The stability of the coating and 
the easy coating procedure achieved in this work suggest that, in future, capillary 
electrophoresis could be used for a variety of lipid and membrane interaction studies. 
The study also demonstrates that cellular membranes (here from RBC) can be used for 
the separation of neutral steroids.  
 
The phospholipid coating method is simple and rapid; it can be accomplished simply by 
flushing a silica capillary with liposomes for 10 minutes during a preconditioning step 
and allowing the capillary to stand, filled with the dispersion, for 15 minutes. The 
liposome composition plays an important role in the coating process. The storage of the 
capillaries affects the phospholipid coating: only capillaries filled with HEPES buffer 
solution during storage appeared to maintain their properties. Introduction of basic 
proteins and neutral steroids to the PC-coated capillaries showed that silanols on the 
capillary wall were almost completely shielded by the PC coating. 
 
The effect of divalent metal ions (calcium, magnesium, and zinc) on phospholipid 
membranes was studied by coating a fused silica capillary with a liposome dispersion 
containing calcium, magnesium or zinc. All metal ions improved the stability of the PC-
coated capillary. Increased rigidity, induced by metal ions immobilized into the 
membrane, is suggested to be the major reason for the improvement. Calcium appeared 
to improve the stability of the coating most.  
 
Addition of CTAB as a stabilizer decreased the negative charge of the coating and 
suppressed the EOF further and hence also the interactions between proteins and the 
capillary wall. The stability of the coating was not improved, however. Increase in the 
concentration of CTAB in the coating solution resulted in prolongation of the analysis 
time as well as a decrease in coating stability. Addition of CaCl2 to the coating solution 
as well (3:1 molar ratio of eggPC) improved the stability of the eggPC/CTAB coating 
markedly. Addition of CaCl2 improved the reproducibility of the separation and 
improved the signal-to-noise ratio and plate numbers for lysozyme and α-
chymotrypsinogen A. Prolongation of the coating time improved the signal-to-noise 
ratio and plate numbers for ribonuclease A and α-chymotrypsinogen A, but it had little 
effect on the peak of lysozyme. 
 
Data on sizes and the zeta potentials of lipid aggregates showed that the higher the 
molar mass of the PEG lipid, the smaller were the particle sizes and the better was the 
shielding of the lipid membrane. This was evident in AFM and EM data, which showed 
the presence of discoidal micelles (disks) in the POPC/DSPE-PEG3000 dispersion, both 
liposomes and disks in the POPC/DSPE-PEG2000 dispersion, and mostly liposomes in 
the POPC/DSPEG1000 dispersion. The dependency of the zeta potentials and sizes of 
the lipid aggregates on the packing of the aggregates on silica surfaces was evaluated by 
AFM and EM, with a QCM and by EOF measurements in CEC. 
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From the electrophoretic stability measurements, it is clear that PC is an important 
component of the coating solution if a good and stable coating is to be achieved. DPPC 
alone can form a good coating. The bilayer formation is not disrupted, however, when 
more natural membranes are prepared by including up to 30 mol% of cholesterol and 
SM. Coating solutions containing 70-100 mol% of DPPC and 30 to 0 mol% of 
cholesterol and SM give good coatings. 
 
The effect of the temperature-induced gel- to fluid-state transition on the coating 
stability was investigated by coating a fused silica capillary with DPPC above and 
below the Tm of the liposome and carrying out calorimetric measurements. Working in 
the gel state significantly increased the stability of the coating, confirming that the 
rigidity of the membrane is essential in improving the coating stability. The results from 
the calorimetric studies are in good accord with the results published by other groups. 
Adding cholesterol to a liposome dispersion of DPPC or DPPC and SM broadens the 
main phase transition and eventually eliminates it at higher (> 30 mol%) cholesterol 
concentrations. Addition of cholesterol to a fluid DPPC coating makes the coating more 
gel-like and more stable by increasing the orientation of the phospholipids. In addition, 
RBC ghost lipids can be successfully coated on fused silica capillaries. The ghost lipid 
coating is stable at 25, 37, and 45 °C.  
 
The findings of the work show that the zwitterionic liposomes must be gel-like and rigid 
in order to achieve a stable coating on a fused silica capillary. The stability of the 
coating and the easy coating procedure promise to give the method important 
applications in analyte−membrane interaction studies — for example, studies on the 
interaction of drugs and biomolecules with natural membranes. Connection of the 
coated capillary to a mass spectrometer, gives a promising set-up for studies 
analyte−membrane interaction. 
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